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PREFACE 


The  purpose  of  Volume  2  of  "Hydraulic  Design  Criteria"  is  to  prevent 
overcrowding  of  Volume  1  and  to  facilitate  use  of  the  design  charts.  To 
accomplish  this  purpose  it  will  be  necessary  to  divide  Hydraulic  Design 
Criteria  from  time  to  time  as  the  number  of  charts  increases.  The  revised 
tables  of  contents  included  with  each  new  issue  of  Hydraulic  Design  Cri¬ 
teria  will  divide  the  charts  in  an  appropriate  manner. 

The  Waterways  Experiment  Station  has  no  objection  to  reproduction  of 
the  U.  S.  Army  Engineer  material  published  in  this  data-book  provided  a 
credit  line  is  included  with  each  reproduction.  Permission  to  reproduce 
other  than  U.  S.  Army  Engineer  data  presented  on  these  charts  should  be 
obtained  from  the  original  sources.  _ 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  310-1  TO  310-1/2 
WAVE  PRESSURES  ON  CREST  GATES 


1.  A  theory  for  the  pressure  resulting  from  a  wave  striking  a  verti¬ 
cal  wall  was  developed  Toy  Sainflou  (l).  The  particular  phenomenon  is  known 
as  a  "clapotis."  The  incident  wave  combines  with  the  reflected  wave  to 
produce  a  wave  height  twice  that  of  the  incident  wave.  The  theory  is  valid 
only  for  wave  heights  which  do  not  exceed  the  still-water  depth.  The  depth 
of  water  behind  spillway  crest  gates  is  normally  greater  than  the  design 
wave  height.  Therefore,  the  theory  can  be  used  to  estimate  pressure  dis¬ 
tribution  for  the  design  of  crest  gates  and  for  spillway  stability  analysis 
problems. 

2.  Application  of  the  Sainflou  wave  pressure  theory  to  crest  gates 
and  spillways. is  Illustrated  on  Hydraulic  Design  Chart  310-1.  The  first 
equation  is  a  parameter  of  the  clapotis  and  indicates  the  effective  change 
in  mean  water  depth  resulting  from  transition  of  the  wave.  The  second 
equation  indicates  the  change  in  bottom  pressure.  The  clapotis  results  in 
pressure  decrease  as  well  as  a  pressure  increase  relative  to  the  still- 
water  static  pressure.  Design  problems  are  generally  only  concerned  with 
the  maximum  pressure. 

3.  Overtopping  of  a  gate  by  waves  occurs  when  the  clapotis  rises 
above  the  gate.  For  this  condition  the  maximum  pressure  distribution  would 
be  zero  at  the  top  of  the  gate  and  vary  along  a  curve  which  would  become 
asymptotic  to  the  atraight-line  distribution  at  the  bottom  of  the  spillway 
structure.  As  data  are  not  available  to  establish  the  true  pressure  dis¬ 
tribution,  it  may  be  assumed  for  design  purposes  that  the  portion  of  the 
pressure  diagram  above  the  top  of  the  gate  i6  ineffective  and  that  the 
pressure  distribution  below  the  top  of  the  gate  is  a  straight  line  as 
indicated  on  Chart  310-1. 

!i.  The  equations  of  the  clapotis  involve  hyperbolic  functions  of  the 
cosine  and  cotangent.  Hydraulic  Design  Chart  310-l/l  presents  graphical 
and  tabulated  values  of  these  functions  for  depth-wave  length  ratios 
(D/x)  of  0.0  to  0.8. 

5.  Hydraulic  Design  Chart  310-1/2  is  a  sample  computation  illus¬ 
trating  use  of  the  Sainflou  theory  for  crest  gate  design  and  spillway 
stability  analysis.  A  wave  length,  wave  height,  and  approach  depth  of  125, 
6,  and  75  ft,  respectively,  have  been  assumed  for  the  computation.  The 
direction  of  approach  is  considered  normal  to  the  spillway. 


(l)  M.  Sainflou,  "Essay  on  vertical  breakwaters, "  Annales  des  Ponta  et 
Chaussees  (July-August  1928),  pp  5-^8.  Translated  by  C.  R.  Hatch  for 
U.  S.  Army  Engineer  Division,  Great  Lakes,  CE,  Chicago,  Ill. 

(No  date.) 
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EQUATIONS 


ho 
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COTH 


COSH 


2ff0 


2Ih 2 
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WHERE 

h0  *  A  PARAMETER  OF  THE 
CLAPOTIS.FT 
a  •  A  BOTTOM  PRESSURE 

PARAMETER,  FT  OF  WATER 
0  *  OEPTH  OF  WATER  (STILL 

WATER  LEVEL  TO  BOTTOM), FT 
H  •  WAVE  HEIGHT,  FT 
A  •  WAVE  LENGTH,  FT 


NOTE  VALUES  OF  COSH^yfi  AND  COTH 
ARE  ON  CHART  310-1/1 
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U.  S.  ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 

JOB  CW  804 _  PROJECT  John  Doe  Pom  SUBJECT  Crest  Gotes 

COMPUTATION  Effects  of  Wove  Pressure _ 

COMPUTED  BY  RGC  DATE  6/3/60  CHECKED  BY  MBB  DATE  6/7/60 


GIVEN: 

Gated  spillway  as  shown 

Design  wave  length  (A)  =  125  ft 

Design  wave  height  (H)  =  6  ft 

Still -water  depth  (D)  »  75  ft 

REQUIRED: 

1.  Maximum  pressure  distribution  on  gate  and 
spillway  structure 

2.  Maximum  hydraulic  load  per  ft  of  width  of 
gate 

3.  Maximum  hydraulic  load  per  ft  of  width  of 
structure 

COMPUTE: 


1.  Pressure  distribution 

(a)  Maximum  effective  depth  with  wave 

h0  » -  coth  — —  (Chart  310.1) 

A  A 


O  75  2nD 

- —  _  0.6;  coth - 1.001  (Chart  310-1/1) 

A  1 25  A 

h«  1,001  ■ 0,9  ,,‘ 

Effective  depth  -  D  +  h  +  H  =  75.0  +  0.9  +  6.0  »  81.9  ft. 


(b)  Maximum  effective  bottom  pressure  with  wave 


a  =  -  (Chart  310-1) 

2irD 

cosh - 

A 

D  2irD 

—  =  0.6;  cosh -  =21.7  (Chart  310-1/1) 

A  A 


a 


6 

21.7 


0.3  ft. 


Effective  pressure  =  D  +  a  =  75.0  +  0.3  =  75.3  ft. 


i. 
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(c)  D'.pth  of  gate  overtopping 

uepth  =  81.9-  (75.0  -  21.0  +  26.0)  =  1 .9  ft. 

(d)  Maximum  pressure  distribution  graph 


2.  Maximum  hydraulic  load  per  foot  of  width  of  gate  (from  Id  above) 

1.9 

Maximum  pressure  at  top  of  gate  (Pj)  «  — —  x  75.3  »  1.7  ft 

81.9 

27.9 

Maximum  pressure  at  bottom  of  gate  (P 2)  - - x  75.3  ■  25.7  ft 

81.9 


Maximum  hydraulic  load  on  gate  (R) 


»P 43 

fic  wei{ 


x  gate  height 


y  ■  specific  weight  of  water  »  62.4  lb/ft3 


R  =  62.4 


26 


=  22,200  lb/ft  of  width 

Note:  For  still-water  level  maximum  gate  pressure  is  21  ft  of  water 
and  maximum  hydraulic  load  is  13  750  Ib/tt  of  width. 


3.  Maximum  hydraulic  load  per  foot  of  width  of  .tt.,ctv<«r  (from  Id  above) 
Maximum  pressure  at  bottom  of  structure  (h.)  =  75.3  ft 


Maximum  hydraulic  load  on  structure  (Rh)  »  y 


1  — 7 - I  x  height  of 

\  2  / 

!-4  (HiZH)  so 


structure 


=  192,000  lb/ft  of  width 

Note:  Equivalent  for  still-woter  level  is  175,000  lb/ft  of  width. 
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SHEETS  311-1  TO  311-5 
TAINTER  GATES  ON  SPILLWAY  CRESTS 
DISCHARGE  COEFFICIENTS 


1.  Discharge  through  a  partially  open  tainter  gate  mounted  on  a 
spillway  crest  can  he  computed  using  the  basic  orifice  equation: 


Q  ■  CA  V2gH 


where, 

Q,  =  discharge  in  cfs 
C  =  discharge  coefficient 

2 

A  =  area  of  orifice  opening  in  ft 

H  =  head  to  the  center  of  the  orifice  in  ft . 

The  coefficient  (c)  in  the  above  equation  is  primarily  dependent  upon 
the  characteristics  of  the  flow  lines  approaching  and  leaving  the  orifice. 
In  turn,  these  flow  lines  are  dependent  upon  the  shape  of  the  crest,  the 
radius  of  the  gate,  and  the  location  of  the  trunnion. 

2.  Discharge  Coefficients.  Chart  311-1  shows  a  plot  of  average 
discharge  coefficients  computed  from  model  and  prototype  data  for  several 
crest  shapes  and  tainter  gate  designs  for  nonsubmerged  flow.  Data  shown 
are  based  principally  on  te^ts  with  three  or  more  bays  in  operation. 
Discharge  coefficients  for  a  single  bay  would  be  lower  because  of  side 
contractions  although  data  are  not  presently  available  to  evaluate  this 
factor.  On  this  chart,  the  discharge  coefficient  (C)  is  plotted  as  a 
function  of  the  angle  (3)  formed  by  the  tangent  to  the  gate  lip  and  the 
tangent  to  the  crest  curve  at  the  nearest  point  of  the  crest  curve.  The 
net  gate  opening  is  considered  to  be  the  shortest  distance  from  the  gate 
lip  to  the  crest  curve.  The  angle  is  a  function  of  the  major  geometric 
factors  affecting  the  flow  lines  of  the  orifice  discharge.  One  suggested 
design  curve  applies  to  tainter  gates  having  gate  seats  located  downstream 
from  the  crest  axis.  The  other  suggested  design  curve  is  based  on  tests 
with  the  gate  seat  located  on  the  axis  and  indicates  the  effects  of  the 
masonry  shape  upstream  from  the  crest  axis. 

3.  Computation.  Computation  of  discharge  through  a  tainter  gate 
mounted  on  a  spillway  crest  is  considerably  complicated  by  the  geometry 
involved  in  determining  the  net  gate  opening  to  be  used  in  the  orifice 
formula.  The  problem  is  simplified  by  -fitting  circular  arcs  to  the  crest 


311-1  to  3H-5 


curve  used  in  the  design  of  spillways.  Chart  311-2  illustrates  the  nec¬ 
essary  computations  to  obtain  the  net  gate  opening  and  the  angle  3  de¬ 
scribed  in  paragraph  2,  for  tainter  gates  mounted  on  spillway  crests 
1  S3  0  85 

shaped  to  X  -  -2  ?Y.  All  factors  are  expressed  in  terms  of  the 

design  head  (H^) .  The  method  shown  is  applicable  to  other  crest  shapes. 
However,  the  accompanying  design  aids,  Charts  311-3  and  311-4,  apply 
only  to  standard  crests. 

4.  To  initiate  the  computations,  Yp/Ha  values  of  the  gate  lip  are 
assumed  and  corresponding  values  of  Xp/H^  are  computed  (columns  1  to  6, 
Chart  311-2).  These  coordinates  are  then  located  on  Chart  3H-3  to  de¬ 
termine  the  characteristics  of  a  ,’ubstitute  arc.  The  substitute  arc  is 
then  used  to  compute  the  net  gate  opening  ( columns  7  to  14) .  The  point 
of  intersection  of  the  masonry  line  by  the  gate  opening  is  determined  by 
similar  triangles  (columns  l4,  15,  and  l6).  Design  aid  Chart  311-4  can 
be  used  to  determine  the  Yc/H^  coordinate  of  the  gate  opening  and  masonry 
line  intersection  (column  17),  and  also  the  slope  of  the  masonry  line 
(columns  18  and  19)  which  in  turn  combines  with  the  slope  of  the  gate  lip 
tangent  to  form  the  angle  3  (column  20).  If  graphical  methods  are  pre¬ 
ferred  to  analytical  methods,  a  large-scale  layout  will  enable  the  head, 
net  gate  opening,  and  the  angle  3  to  be  scaled  so  that  the  discharge  can 
be  computed  with  fair  accuracy. 

5.  Chart  3H-5  is  a  sample  computation  of  the  steps  involved  in  the 
development  of  a  rating  curve  for  a  partially  open  tainter  gate.  The 
final  computations  are  dimensional  and  are  believed  accurate  to  within 

+  2  per  cent,  for  gate  opening-head  ratios  (Gq/h)  less  than  0.6. 
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CLASS 

r/h. 

Wh, 

I 

0.500 

0.000 

-0.500 

II 

1.330 

-0.050 

-1.329 

III 

1.359 

-0.100 

-1.351 

IY 

1.472 

-0.164 

-1.452 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  311-6  AND  3H-6/l 
CREST  PRESSURES 


1.  General.  Pressures  on  standard  spillways  with  partly  open 
tainter  gates  are  principally  affected  by  the  gate  opening,  gate  geometry, 
and  head  on  the  gate.  The  effects  of  gate  radius  and  trunnion  elevation 
can  be  generally  neglected  within  the  limits  of  practical  design. 

2.  Background.  A  laboratory  study  of  the  effects  of  gate  seat  loca¬ 
tion  on  pressures  for  standard  shaped  spillway  crests  (HDC  111-1  to  lll-2/l) 
was  made  at  WES^  prior  to  1948.  A  design  head  of  0.75  ft  was  used.  The 
results  of  an  extensive  study  by  Lemos2  of  all  geometric  variables  including 
gate  seat  locations  upstream  and  downstream  of  the  crest  were  published  in 
1965.  A  design  head  of  0.5  ft  was  used  in  this  study.  Comparable  model'' 
and  prototype^  data  are  also  available . 

3.  Design  Criteria.  Dimensionless  crest  pressure  profiles  for 
small,  medium,  and  large  gate  openings  for  the  design  head  and  1.33  times 
the  design  head  are  given  in  HDC  311-6  and  311-6/1.  The  data  are  for  gate 
seat  locations  of  from  0.0%  to  0.6%  downstream  of  the  crest.  The  study 
by  Lemos2  included  gate  seat  locations  from  -0.2%  upstream  to  0.6%  down¬ 
stream  of  the  crest,  gate  radii  of  1.0  and  1.25%,  trunnion  elevations  of 

j.  from  0.2  to  1.0%  above  the  crest,  and  heads  of  1.0  and  1.25  %.  Lemos' 

3  results  indicate  that  the  minor  relative  differences  in  gate  radii,  trun- 

NO?  nion  elevations,  and  gate  openings  of  the  experimental  data  shown  on 

charts  311-6  and  311-6/1  should  have  negligible  effect  pn  crest  pressures 
estimated  from  the  charts .  The  Chief  Joseph^  and  Altus^  model  curves  were 
interpolated  from  observed  data. 

4.  Application.  The  data  given  in  the  charts  should  be  adequate  for 
estimating  crest  pressures  to  be  expected  under  normal  design  and  operating 
conditions.  When  unusual  design  or  operating  conditions  are  encountered, 
the  extensive  work  of  Lemos  can  be  used  as  a  guide  in  estimating  pressure 
conditions  to  be  expected. 

5.  The  data  presented  in  charts  311-6  and  311-6/1  show  that  crest 

pressures  resulting  from  normal  design  and  operation  practices  are  not  con¬ 
trolling  design  factors.  For  partial  gate  openings  the  expected  minimum 
crest  pressures  may  range  from  about  -0.1%  for  pools  at  design  head  to 
about  -0.2%  for  heads  approximating  1.3%.  Gated  spillways  are  presently 

being  built  with  50-ft  design  heads;  so  for  an  underdesigned  crest,  the 

minimum  pressure  to  be  expected  with  gate  control  would  be  about  -10  ft  of 

water.  This  pressure  would  increase  to  -5  ft  if  design  head  was  the  maxi¬ 

mum  operating  head.  Pressures  of  these  magnitudes  should  be  free  of  cavi¬ 
tation.  Periodic  surges  upstream  of  partially  open  tainter  gates  have  been 
observed  for  certain  combinations  of  head  and  gate  width.  Criteria  for 
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surge  prevention  are  given  in  ETL  1110-2-51.5 

6.  The  pressure  profiles  in  charts  331-6  and  311-6/1  can  be  used  to 
estimate  crest  pressures  for  the  design  head  for  various  gate  openings  and 
gate  seat  locations.  The  general  absence  of  excessive  negative  pressures 
is  noteworthy.  Structural  economy  should  no  doubt  have  a  strong  influence 
on  the  selection  of  the  gate  seat  location. 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  312 

VERTICAL  LIFT  GATES  ON  SPILLWAYS 


DISCHARGE  COEFFICIENTS 


1.  Purpose.  Vertical  lift  gates  have  beep  used  on  hiph- overflow- 
dam  spillways.  However,  they  are  more  commonly  found  on  low- ogee- crest 
dams  and  navigation  dams  with  low  sills  where  reservoir  pool  control  nor¬ 
mally  requires  gate  operation  at  partial  openings.  Hydraulic  Design 
Chart  312  provides  a  method  for  computing  discharge  for  partly  opened, 
vertical  lift  gates. 

2.  Background.  Discharge  under  high  head,  vertical  lift  gates  can 
be  computed  using  the  standard  orifice  equation  given  in  Sheets  3H-1  to 
311-5.  The  equation  recommended  by  Kingl  for  discharge  through  low  head 
orifices  involves  the  head  to  the  three-halves  power.  For  flow  tinder  a 
low  head  gate,  this  equation  can  be  expressed  as 


1  {i/s  -  A/s) 


where  Qq  is  the  gate  controlled  discharge,  C^i  the  discharge  coefficient 
g  the  acceleration  of  gravity,  L  the  gate  width,  and  Hq  and  H2  are 
the  heads  on  the  gate  lip  and  gate  seat,  respectively. 

3.  A  recent  U.  S.  Army  Engineers  Waterways  Experiment  Station^  study 
of  discharge  data  from  four  laboratory  inve st igat ions3~ 6  failed  to  indi¬ 
cate  correlation  of  discharge  coefficients  computed  using  equation  1  above 
or  the  equation  given  in  Sheets  311-1  to  3H-5.  However,  the  concept  ol 
relating  gate- controlled  discharge  to  free  discharge  was  developed  in  that 
study.  The  free  discharge  equation  is 


Q.  =  c. 


■JTS  LH3/2 


where  H  is  the  head  on  the  crest.  The  relation  of  controlled  to  free 
discharge  was  obtained  by  dividing  equation  1  by  equation  2. 


-  K?/2 


4.  Analysis.  The  analysis  of  data  taken  from  references  3  through 
7  indicated  reasonable  correlation  between  free  and  controlled  discharge. 
The  results  are  shown  in  Chart  312.  This  study  indicated  that  the  rela¬ 
tion  C^q/Ca  varied  slightly  with  the  discharge  ratio  but  could  be  assumed 
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as  unity.  Data  from  studies^>7  with  the  gate  seat  located  appreciably  down¬ 
stream  from  the  crest  showed  good  correlation  with  data  for  on-crest  gate 
seat  locations. 

5.  Application.  Application  of  Chart  312  to  the  gate -discharge  prob¬ 
lem  requires  information  on  the  head- discharge  relation  for  free  overflow 
for  the  crest  under  consideration.  These  data  are  usually  available  from 
spillway  rating  curves.  Chart  312  should  be  a  useful  tool  for  the  develop¬ 
ment  of  rating  curves  for  vertical  lift  gates. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  320-1 
CONTROL  GATES 
discharge  COEFFICIENTS 


1.  General .  The  accompanying  Hydraulic  Design  Chart  320-1  repre¬ 
sents  test  data  on  the  discharge  coefficients  applicable  to  partial 
openings  of  both  slide  and  tractor  gates.  The  basic  orifice  equation 

is  expressed  as  follows: 

Q  =  C  Gq  B  V  2gH’ 

The  coefficient  C  is  actually  a  contraction  coefficient  if  the  gate  is 
located  near  the  tunnel  entrance  and  the  entrance  energy  loss  is  neg¬ 
lected.  When  the  gate  is  located  near  the  conduit  entrance  the  head 
(H  * )  is  measured  from  the  reservoir  water  surface  to  the  top  of  the  vena 
contracta.  However,  when  the  gate  is  located  a  considerable  distance 
downstream  of  the  conduit  entrance,  H'  should  be  measured  from  the 
energy  gradient  just  upstream  of  the  gate  to  the  top  of  the  vena 
contracta  because  of  appreciable  losses  upstream  of  the  gate.  The  eval¬ 
uation  of  H'  requires  successive  approximation  in  the  analysis  of  test 
data.  However,  the  determination  of  H1  in  preparation  of  a  rating 
curve  can  be  easily  accomplished  by  referring  to  the  chart  for  C  . 

2.  Discharge  Coefficients.  Discharge  coefficients  for  tractor  . 
and  slide  gates  are  sensitive  to  the  shape  of  the  gate  lip.  Also,  coef¬ 
ficients  for  small  gate  openings  are  materially  affected  by  leakage  over 
and  around  the  gate.  Chart  320-1  presents  discharge  coefficients  deter¬ 
mined  from  tests  on  model  and  prototype  structures  having  various  gate 
clearances  and  lip  shapes.  The  points  plotted  on  the  100  per  cent 
opening  are  not  affected  by  the  gate  but  rather  by  friction  and  other 
loss  factors  in  the  conduit.  For  this  reason  the  curves  are  shown  by 
dashed  lines  above  85  per  cent  gate  opening, 

3.  Suggested  Criteria.  Model  and  prototype  tests  prove  that  the 
45°  gate  lip  is  hydraulically  superior  to  other  gate  lip  shapes.  There¬ 
fore,  the  4-5°  gate  lip  has  been  recommended  for  high  head  structures. 

In  the  1949  model  tests  leakage  over  the  gate  was  reduced  to  a  minimum. 
Correction  of  the  Dorena  Dam  data  for  leakage  results  in  a  discharge 
coefficient  curve  that  is  in  close  agreement  with  the  1949  curve.  The 
average  of  these  two  curves  shown  on  Chart  320-1  is  the  suggested  design 
curve.  For  small  gate  openings  special  allowances  should  be  made  by  the 
designer  for  any  expected  excessive  intake  friction  losses  and  gate 
leakage . 
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SHEETS  320-2  TO  320-2/3 
VERTICAL  LIFT  GATES 
HYDRAULIC  AND  GRAVITY  FORCES 


1.  Purpose.  The  purpose  of  HDC's  320-2  to  320-2/2,  which  apply  to 
the  hydraulic  forces  on  vertical  lift  gates,  is  to  make  the  results  of  in¬ 
vestigations  of  such  forces  available  in  a  convenient  nondimensional  form. 
These  charts  are  equally  applicable  to  tractor  gates  and  slide  gates. 

2.  Definition.  HDC  320-2  is  included  to  simplify  the  definition  of 
the  hydraulic  forces  involved.  For  purposes  of  discussing  buoyancy,  a  gate 
may  be  assumed  to  be  a  rectangular  parallelepiped  with  the  vertical  axis 
coincident  with  the  direction  of  gravity.  If  the  body  is  completely  in¬ 
closed,  the  buoyant  force  in  still  water  is  equal  to  the  difference  between 
the  total  pressure  on  top  (downthrust)  and  the  total  pressure  on  the  bottom 
(upthrust).  For  such  an  inclosed  vertical  body,  water  pressure  on  the  up¬ 
stream  face  has  no  vertical  component  of  pressure. 

3.  Some  engineers  use  the  expression,  the  "wet  weight"  of  a  gate. 
This  is  simply  the  dry  weight  in  air  minus  the  buoyant  force.  If  the  body 
is  cellular  or  lacks  an  upstream  skin  plate,  the  wet  weight  differs  from 
that  of  a  completely  inclosed  body.  The  gate  shown  in  HDC  320-2  is  an  in¬ 
closed  body  and  is  further  considered  to  have  no  horizontal  projections 
such  as  gate  seals, 

4.  The  unit  pressure  on  top  of  the  gate,  or  downthrust,  is  dependent 
on  the  head  of  water  in  the  gate  well  or  the  pressure  head  in  the  bonnet. 
This  head  in  turn  depends  on  the  relation  of  the  pressure  difference  across 
the  gap  and  the  area  of  the  upstream  gap  coupled  to  the  pressure  differ¬ 
ences  and  area  of  the  downstream  gap.  Actually,  the  flow  across  the  top  of 
the  gate  has  a  hydrodynamic  effect;  but,  for  the  purpose  of  these  charts, 
this  effect  is  not  considered  important. 

5-  The  hydrodynamic  effect  of  water  flowing  past  the  bottom  of  the 
gate  is  substantial.  A  reduction  of  pressure  on  the  bottom  from  the  theo¬ 
retical  static  head  is  generally  called  "downpull, "  which  may  be  viewed 
either  as  a  reduction  in  upthrust  or  a  reduction  in  buoyancy.  Downpull  is 
dependent  upon  the  geometry  of  the  gate  bottom.  HDC's  320-2  to  320-2/3  are 
concerned  principally  with  the  ^5 -degree  gate  bottom,  for  which  experi¬ 
mental  data  are  presented. 

6.  Vertical  Stability.  The  gate  well  can  be  sucked  completely  dry 
of  water  with  certain  combinations  of  upstream  and  downstream  gap  areas  be¬ 
tween  the  gate  and  the  roof  of  the  conduit.  If  the  upthrust  then  exceeds 
the  weight  of  the  gate,  the  entire  body  of  the  gate  will  be  thrust 
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vertically  upward.  The  experimental  data  on  upthrust  are  of  value  in 
checking  the  design  for  such  a  possibility.  However,  discharge  coeffi¬ 
cients  for  the  upstream  and  downstream  gaps  must  be  assumed  to  determine 
whether  a  gate  opening  exists  that  could  cause  a  practically  dry  well. 

7*  Upthrust .  Dimensionless  plots  of  unit  upthrust  on  the  sloping 
bottom  of  four  45-degree  gate-bottom  designs  are  shown  in  HDC  320-2 /l. 

The  data  sources  are  listed  in  paragraph  11.  The  data  include  both  model 
and  prototype  pressure  measurements.  The  Fort  Randall  gate  has  a  down¬ 
stream  skin  plate  and  downstream  seals,  and  the  45 -degree  sloping  gate 
bottom  has  an  upstream  skin  plate.  The  Pine  Flat  and  Norfork  gates  have 
upstream  skin  plates  and  downstream  seals. 

8.  The  upthrust  force  was  computed  from  observed  pressure  data  on 
the  sloping  gate  bottom.  These  data  were  plotted  on  the  horizontal  plane 
of  projection  of  the  gate  bottom.  Pressure  contours  in  feet  of  water  were 
drawn,  integrated,  and  divided  by  the  area  of  projection  between  the  con¬ 
duit  walls  to  determine  the  upthrust  per  unit  area  of  cross  section.  The 
plots  of  data  indicate  that  the  conduit  width-average  gate  thickness  ratio 
is  a  factor  in  the  magnitude  of  upthrust  per  unit  area.  The  average  gate 
thickness  includes  the  gate  bottom  seal. 

9.  Pressure  per  unit  area  on  top  of  the  gate  can  be  determined  from 
HDC  320-2/2.  The  Fort  Randall  Dam  data  shown  in  the  chart  are  based  on 
field  and  model  measurements  of  gate-well  water-surface  elevations.  The 
Pine  Flat  and  Norfork  Dam  data  result  from  field  measurements  of  bonnet 
pressures  at  these  structures.  Details  of  clearances  between  the  gates 
and  the  gate  recesses  are  also  shown.  The  area  of  the  top  of  the  gate  to 
be  used  in  computation  of  the  downthrust  should  include  the  area  of  the 
gate  within  the  gate  slots,  the  area  between  the  conduit  walls  and  the 
area  of  the  gate  top  seal. 

10.  Application.  HDC  320-2/3  is  a  sample  computation  illustrating 
the  use  of  HDC's  320-2/1  and  320-2/2  in  the  solution  of  a  hydraulic  and 
gravity  force  problem.  In  this  computation  the  hydraulic  force  is  based 
on  the  cross-sectional  area  of  the  gate  between  the  conduit  walls.  In 
actual  design,  the  effects  of  the  top  and  bottom  gate  seals  and  the  area 
of  the  gate  within  the  gate  slots  should  also  be  considered. 

11.  Data  Sources. 

(1)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Vibration,  Pres¬ 
sure  and  Air-Demand  Tests  in  Flood-Control  Sluice,  Pine  Flat  Dam, 

Kings  River,  California.  Miscellaneous  Paper  No.  2-75 >  Vicksburg, 
Miss.,  February  1954,  and  subsequent  unpublished  test  data. 

(2) 


( 3 )  _ ,  Vibration  and  Pressure-Cell  Tests,  Flood-Control  Intake 


_ ,  Slide  Gate  Tests,  Norfork  Dam,  North  Fork  River,  Arkansas. 

Technical  Memorandum  No.  2-389,  Vicksburg,  Miss.,  July  195^ • 


320-2  to  320-2/3 
Revised  10-6l 


Gates,  Fort  Randall  Dam,  Missouri  River,  South  Dakota.  Technical 
Report  No.  2-435,  Vicksburg,  Miss.,  June  19!$ • 

(4)  U.  S.  Amy  Engineer  Waterways  Experiment  Station,  CE,  Spillway  and 
Outlet  Works,  Fort  Randall  Dam,  Missouri  River,  South  Dakota. 
Technical  Report  No.  2-528,  Vicksburg,  Miss.,  October  1959 • 
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it  =  DOWNTHRUST 
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OF  AREA 


DOWN PULL 


BASIC  EQUATION 

P-W  +  A  (d,-u,)y 

WHERE: 

P  =  hydraulic  and  gravity  forces  In  tons 

W  =  dry  weight  of  gate  in  tons 

A  =  cross-sectional  area  of  gate  in  sq  ft 

dj  =  average  downthrust  per  unit  of  areo  on 
top  of  gate  in  feet  of  water 

llj=  average  upthrust  per  unit  of  area  on 
sloping  bottom  of  gate  in  feet  of  water 

y=  specific  weight  of  water,  0.0312  ton 
per  cu  ft 


uf  =  UPTHRUST  PER 
UNIT  OF  AREA 


Note:  Does  not  include  factor  for  frictional 
and  other  mechanical  forces. 

d|=  gate  well  water  surface  above 
conduit  invert  (Hw)  minus  sum  of  gate 
height  (D)  and  gate  opening  (G0). 
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GATE  OPENING  IN  PER  CENT 


U.  S.  ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 


JOB  CW  804 _ PROJECT  John  Doe  Pom  SUBJECT  Vertical  Lift  Gotes 

COMPUT ATION _ Hydraulic  ond  Gravity  Forces _ 

COMPUTED  BY  MBB  DATE  4/10/61  CHECKED  BY  CWD  DATE  4/20/61 


GIVEN: 

Gate  -  Pine  Flat  type  (HDC  320-2/1) 
Height  (D)  =  9.0 
Width  (B)  =  5.0 
Average  thickness  (T)  =  1.2  ft 
Upstream  gate  clearance  =  0.4  in. 
Downstream  gate  clearance  =  1.5  in. 
Dry  weight  (W)  =8  tons 
Gate  opening  (Go)  =  3.0  It 
Discharge  (Q)  -  1200  efs 


DETERMINE: 

1.  Energy  head  above  conduit  invert  (H) 

Gate  opening  (Go)  percent 
G  o 

—  x  100  =  -x  100  =  33.3 
D  9 

Gate  coefficient  (0  =  0.737  (HDC  320-1) 
Velocity  of  jet  (V.) 

Q  1200 


CGoB  0.737  x  3  x5 


»  108.5  ft/sec 


182.8  ft 


Velocity  head  of  jet  (V^2/2  g) 

Vj2  (108.5)2 
2g  ’  64.4 
Energy  head  above  conduit  invert 

H  =  CG0  +  V.2/2g 
=  (0.737  x  3)  +  (182.8)  =  185.0  ft 

2.  Unit  upthrust  (u,) 

For  Pine  Flat  from  HDC  320-2/1 


H 


=  0.51  for  G  =  33.3  percent 


u,  =  0.51  (185.0)  =94.4  ft 

3.  Unit  downthrust  (df) 

For  Pine  Flat  from  HDC  320-2/2 

Gate  well  water  surface  above  conduit 
invert  (Hw) 

H 

—  =  0.53  for  G  =  33.3  percent 
H  0 

Hw=  0.53  (185.0)  =  98.0  ft 
Unit  downthrust 

d,  =  Hw  -  (D  +  G0)  =  98.0  -  (9  +  3) 

=  86.0  ft 


4.  Hoist  load  (P)  (HDC  320-2) 

P  =  W  +  A  (d,  -  u()  y 

=  8  +  (5  x  1.2)  (86.0  -94  4)  0.0312 
=  8-1.6  =  6.4  tons 

5.  Repeat  computations  for  other  gate  openings 
to  develop  gate  hoist  load  curve. 

Note:  1.  The  vertical  load  resulting  from  the 

friction  between  the  gate  and  the  gate 
guides  has  not  been  included  in  this 
computation. 

2.  In  actual  problems  the  difference  be¬ 
tween  the  projected  areas  of  the  top 
and  bottom  of  the  gate  including  seals 
and  areas  within  the  gate  slots  should 
be  considered. 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  320-3 

TAINTER  GATES  IN  CONDUITS 
DISCHARGE  COEFFICIENTS 


1.  HDC  320-3  presents  coefficient  curves  for  tainter  gates  in  con¬ 
duits  for  use  in  the  discharge  equation: 

Q  =  C  Gq  B  4 2gH 

The  coefficient  C  is  actually  a  contraction  coefficient  when  the  head  H 
is  measured  from  the  energy  gradient  just  upstream  from  the  gate  to  the  top 
of  the  vena  contract a  downstream. 

2.  The  curves  shown  in  HDC  320-3  are  based  on  an  equation  by 

R.  von  Mises*  for  the  contraction  coefficient  for  two-dimensional  flow 
through  slots.  The  solution  of  this  equation  requires  successive  approxi¬ 
mation  of  the  contraction  coefficient.  The  computations  were  made  on  an 
electronic  digital  computer.  The  sketch  shown  in  the  chart  is  considered 
to  be  a  half -section  of  the  symmetrical  slot  condition  investigated  by 
Von  Mises.  The  conduit  invert  represents  the  center  line  of  his  geometry 
and  the  roof  one  of  the  parallel  approach  boundaries.  The  tangent  to  the 
gate  lip  is  assumed  to  be  the  sloping  boundary  from  which  the  jet  issues. 
The  plotted  data  result  from  controlled  tests  on  the  Garrison  tunnel 
model**  in  which  leakage  around  or  over  the  gate  was  negligible  and  dis¬ 
charge  under  the  gate  was  carefully  measured.  The  agreement  between  the 
curves  and  Garrison  data  indicates  the  applicability  of  the  curves  to 
tainter  gates  in  conduits  with  straight  inverts. 


*  Mises,  R.  von,  "Berechnung  von  Ausfluss  -  und  ueberfallzahlen  (Compu¬ 
tation  of  coefficients  of  out-flow  and  overfall),"  Zeitschrift  des 
Vereines  deutscher  Ingenieure,  Band  6l,  Nr.  22  (2  June  1917),  p  473. 

**  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Outlet  Works  and 
Spillway  for  Garrison  Dam,  Missouri  River,  North  Dakota,  Technical 
Memorandum  No.  2-431  (Vicksburg,  Miss.,  March  1956). 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  320-4  TO  320-7 
TAINTER  GATES  IN  OPEN  CHANNELS 
DISCHARGE  COEFFICIENTS 


1.  Free  discharge  through  a  partially  open  tainter  gate  in  an  open 
channel  can  he  computed  using  the  equation: 

Q  =  C,C0  G  B  */igh 

ldO 

The  coefficient  (C-, )  depends  on  the  vena  contracta,  the  shape  of  which  is  a 
function  of  the  gate  opening  (G0),  gate  radius  (R),  trunnion  height  (a), 
and  upstream  depth  (h)  for  gate  sills  at  streambed  elevations.  When  the 
gate  sill  is  above  streambed  elevation,  the  coefficient  also  depends  upon 
sill  height  (P)  and  sill  length  (L). 

2.  Hydraulic  Design  Charts  320-4  to  320-6  present  discharge  coeffi¬ 
cients  (C1)  for  tainter  gates  with  sills  at  streambed  elevation.  The  in¬ 
sert  graphs  on  the  charts  indicate  adjustment  factors  (Cg)  for  raised  sil] 
conditions.  Charts  are  included  for  a/R  ratios  of  0.1,  0-5,  and  0.9. 
Coefficients  for  other  a/R  values  can  be  obtained  by  interpolation  between 
the  charts.  The  coefficient  is  plotted  in  terms  of  the  h/R  ratio  for  Gq/r 
values  of  0.05  to  O.5.  The  effect  of  G0/h  is  inherent  in  the  solution  and 
is  indicated  by  the  limit-use  curve  G0/h  =0.8. 

3.  The  basic  curves  on  Charts  320-4  to  320-6  were  prepared  from 
tests  reported  by  Toch  (3),  Metzler  (2),  and  Gentilini  (l).  The  method  of 
plotting  was  developed  by  Tocn.  Cross  plots  of  the  Toch,  Metzler,  and 
Gentilini  data  resulted  in  the  interpolated  curves.  Good  correlation  of 
test  results  was  obtained  for  the  larger  gate  openings.  Similar  correla¬ 
tion  was  not  obtained  in  all  cases  for  the  smaller  gate  openings.  The 
Gentilini  data  for  the  smaller  G0/R  ratios  and  their  general  correlation 
with  Metzler' s  data  resulted  in  the  interpolated  curves  for  G0/R  values  of 
0.05  and  0.1.  The  0.2  curve  is  in  close  agreement  with  results  reported  by 
Toch.  Interpolated  coefficients  from  the  C^  curve  indicate  general 
agreement  with  experimental  results  to  within  +3  per  cent. 

4.  Charts  320-4  to  320-6  also  apply  to  raised  sill  design  problems 
when  the  adjustment  factor  curve  shown  on  the  auxiliary  graph  is  considered. 
The  C2  curve  was  developed  from  U.  S.  Army  Corps  of  Engineers  (4-7) 
studies  and  indicates  the  effects  of  the  L/P  ratio  on  the  discharge  coeffi¬ 
cient.  This  adjustment  results  in  reasonable  agreement  with  experimental 
data.  Sufficient  information  is  not  available  to  determine  the  effects, 

if  any,  of  the  parameter  p/r. 


320-4  to  320-7 


5*  Hydraulic  Design  Chart  320-7  is  a  sample  computation  sheet 
illustrating  application  of  Charts  320-4  to  320-6. 
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sity  of  Iowa  Master's  Thesis,  August  1948. 

(3)  Toch,  A.,  The  Effect  of  a  Lip  Angle  Upon  Flow  Under  a  Tainter  Gate. 
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COMPUTATION 


Free  Discharge  for  Gate  Rating 


COMPUTED  BY 
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CHECKED  BY 


DATE  5/17/60 


GIVEN: 

Tainter  gate  installation  as  shown 

Upstream  depth  (h)  =  15  ft 

Gate  opening  (G0)  =  4  ft 

Gate  radius  (R)  -  25  ft 

Trunnion  height  (a)  =  20  ft 

Bay  width  (B)  =  60  ft 

Length  —  step  to  gate  seat  (L)  =  20  ft 

Height  of  step  (P)  =  5  ft 

REQUIRED: 

Free  discharge  for  gate  rating 
COMPUTE: 


q  =  ciC2Go  bV^9& 


1.  Parameters 

a/R  -  0.8,  h/R  -  0.6,  G  /R  *  0. 16,  L/P  -  4 
'0 

2.  Discharge  coefficient  (Cj)  for  unstepped  condition  for 
a/R  -  0.8 

Chart  320-5  (a/R  -  0.5,  h/R  -  0.6,  G  /R  -  0.16), 

C,  -0.587 

Chart  320-6  (a/R  -  0.9,  h/R  -  0.6,  G/R  -  0.16), 

C|  -  0.664 

By  interpolation  for  a/R  -  0.8 

0.8  -  0.5 

C.  -  0.587  + - (0.664  -  0.587) 

1  0.9 -0.5 

-  0.645 

3.  Adjustment  for  stepped  sill 
For  L/P -4 

Adjustment  factor  (Cj)  -  1.05  (see  chart  insert) 

C,C2  -  0.645  (1.05)  =  0.678 

4.  Discharge 

Q  »  C,  CjGo  B  \/2gh 
=  0.678  (4)  (60)  i/ 64.4  x  15 

=  5050  cfs 


TAINTER  GATE  IN  OPEN  CHANNELS 

DISCHARGE  COEFFICIENTS 
FREE  FLOW 

SAMPLE  COMPUTATION 

HYDRAULIC  DESIGN  CHART  320-7 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  320-8  AND  320- 8/l 
TAINTER  GATES  IN  OPEN  CHANNELS 
DISCHARGE  COEFFICIENTS 
SUBMERGED  FLOW 


1.  Tainter  gates  on  low  sills  at  navigation  dams  frequently  operate 
at  tailwater  elevations  resulting  in  submerged  flow  conditions.  The  dis¬ 
charge  under  the  gate  is  controlled  by  the  difference  in  the  upper  and 
lower  pool  elevations,  the  degree  of  sill  submergence  by  the  tailwater,  the 
gate  opening,  and,  to  a  lesser  extent,  the  stilling  basin  apron  elevation. 
Hydraulic  Design  Charts  320-8  and  320-8/1  present  discharge  coefficient 
data  for  computing  flows  under  tainter  gates  on  low  sills  operating  under 
submerged  conditions. 

2.  Basic  Data.  The  U.  S.  Army  Engineer  Waterways  Experiment  Station 
(WES)1  has  developed  the  following  equation  for  computing  flows  under  gates 
on  low  sills  with  tailwater  elevations  greater  than  gate  sill  elevation. 


(1) 


where 

Q  =  discharge,  cfs 

C  =  submerged  flow  discharge  coefficient,  a  function  of  the  sill 
submergence- gate  opening  ratio 

L  =  bay  width,  ft 

h  -  tailwater  depth  over  sill,  ft 
s 

p 

g  =  acceleration,  gravitational,  ft  per  sec^ 

h  =  total  head  differential  pool  to  tailwater,  ft  (including  approach 
velocity  head) 

Equation  1  results  in  good  correlation  of  experimental  data  when  Cs  is 
plotted  as  a  function  of  the  submergence- gate  opening  ratio  (hg/G0).  The 
equation  was  developed  by  modifying  the  standard  orifice  equation  as 
follows 


320-8  and  320-8/1 


or 


CLG 

o 


«  '  °s“o  ^ 

l  0  / 

Q  =  C  Lh  Vigh 
^  s  s 


X  A- 


(3) 


where 

C  =  C(  G  /h  ) 
s  d  s 

Gq  =  gate  opening 

3-  Chart  320-8  presents  the  results  of  extensive  model  tests2>3,4,5 
and  limited  prototype  data.°  The  plotted  curves  are  based  on  careful  meas¬ 
urements  and  are  believed  to  be  representative  of  the  best  available  data. 

The  model  data  and  most  of  the  prototype  data  were  obtained  with  the  gates 
adjacent  to  the  test  gate  open  the  same  amount  as  the  test  gate.  The 
plotted  curves  indicate  the  effects  of  the  relation  of  the  elevation  of 
the  stilling  basin  apron  to  that  of  the  gate  sill.  The  portions  of  the 
curves  having  Cs  values  less  than  0.1  are  based  on  prototype  gate  open¬ 
ings  of  1  ft  or  less  and  on  model  gate  openings  of  about  0.05  ft.  The  ( 

experimental  data  are  omitted  from  this  chart  in  the  interest  of  clarity. 

Chart  320-8/1  is  included  to  illustrate  the  degree  of  data  correlation 
resulting  in  the  curves  presented  in  Chart  320-8. 

*!•.  Application.  The  suggested  design  curve  in  Chart  320-8  should 
be  useful  for  developing  pool  regulation  curves  for  navigation  dam  spill¬ 
ways  consisting  of  tainter  gates  on  low  sills.  The  curves  presented 
generally  represent  sill  elevations  about  5  ft  above  streambed  and  stilling 
basin  apron  elevations  3-5  to  31  ft  below  sill  elevation.  The  Hannibal 
and  Cannelton  spillway  sills  are  located  about  15  and  19  ft  above  stream- 
bed,  respectively.  The  height  of  the  sill  above  the  approach  bed  does  not 
seem  to  be  an  important  factor  in  submerged  flow  controlled  by  gates. 

However,  the  coefficient  data  presented  include  all  the  geometric,  effects 
of  each  structure  as  well  as  the  effects  of  adjacent  gate  operation.  The 
curve  most  applicable  to  spillway  design  conditions  should  be  used  for 
developing  discharge  regulation  curves. 
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and  J.  L.  Grace,  Jr.  Technical  Report  No.  2-710,  Vicksburg,  Miss., 
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(6)  Denzel,  C.  W.,  Submerged  Tainter  Gate  Flow  Calibration.  1965,  U.  S. 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  330-1  AND  330-l/l 
GATE  VALVES 

DISCHARGE  CHARACTERISTICS 


1.  The  discharge  characteristics  of  a  flow  control  valve  may  be 
expressed  in  terms  of  a  loss  coefficient  for  valves  along  a  full-flowing 
pipeline,  or  in  terms  of  a  discharge  coefficient  for  free  flow  from  a 
valve  located  at  the  downstream  end  of  a  pipeline.  Loss  and  discharge 
coefficients  for  gate  valves  are  given  on  Hydraulic  Design  Charts  330-1 
and  330-1/1,  respectively. 

2.  Loss  Coefficient.  The  loss  of  head  caused  by  a  valve  occurs 
not  only  in  the  valve  itself  but  also  in  the  pipe  as  far  downstream  as 
the  velocity  distribution  is  distorted.  Tests  to  determine  this  total 
loss,  exclusive  of  friction,  have  been  conducted  on  several  makes  and 
sizes  of  gate  valves  at  the  University  of  Wisconsin(l)  and  the  Alden 
Hydraulic  Laboratory. (2)  The  results  of  these  tests  on  the  larger  sizes 
of  valves  are  given  on  Chart  330-1  as  loss  coefficients  in  terms  of  the 
velocity  head  immediately  upstream  from  the  valve.  Data  are  given  for 
both  a  simple  disk  gate  valve  having  a  crescent-shaped  water  passage  at 
partial  openings  and  a  ring-follower  type  of  gate  valve  having  a  lens- 
shaped  water  passage  at  partial  openings.  The  scatter  in  the  Wisconsin 
data  is  attributed  to  minor  variations  in  the  geometry  of  the  different 
makes  of  valves  tested. 

3.  Discharge  Coefficients.  Discharge  coefficients  for  free  flow 
from  a  gate  valve  at  the  downstream  end  of  a  pipeline  have  been  deter¬ 
mined  by  the  Bureau  of  Reclamation^ )  for  several  makes  and  sizes  of 
simple  disk  gate  valves.  The  results  of  these  tests  are  given  on  Chart 
330-l/l  as  discharge  coefficients  in  terms  of  the  total  energy  head 
immediately  upstream  from  the  valve.  The  scatter  in  these  data  is 
attributed  to  minor  variations  in  geometry  of  the  valves  tested. 

4.  Application.  The  loss  data  given  on  Chart  330-1  are  appli¬ 
cable  to  valves  installed  in  full-flowing  pipelines  having  no  bends  or 
other  disturbances  within  several  diameters  upstream  and  downstream  from 
the  valve.  The  discharge  coefficients  on  Chart  330-l/l  are  for  valves 
installed  at  the  downstream  end  of  several  diameters  of  straight  pipe 
and  discharging  into  the  atmosphere. 
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Valves  and  Pipes  of  One-half  to  Twelve  Inches  Diameter.  University 
of  Wisconsin  Engineering  Experiment  Station  Bulletin,  vol.  IX, 

No.  1,  Madison,  Wis.,  1922. 
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Valves  for  the  W-K-M  Division  of  ACE  Industries,  Houston,  Texas. 
Alden  Hydraulic  Laboratory,  Worcester  Polytechnic  Institute, 
Worcester,  Mass.,  Sept.  1949. 

(3)  U.  S.  Bureau  of  Reclamation,  Study  of  Gate  Valves  and  Globe  Valves 
as  Flow  Regulators  for  Irrigation  Distribution  Systems  Under  Heads 
Up  to  About  123  Feet  of  Water.  Hydraulic  Laboratory  Report  No. 
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VALVE  OPENING  IN  PER  CENT 

BASIC  EQUATION  O-CA^ZgH, 


WHERE- 

C  » VALVE  DISCHARGE  COEFFICIENT 
A  -  AREA  BASED  ON  NOMINAL  VALVE  OIAMETER 
H.-ENERGY  HEAD  MEASURED  TO  CENTER  LINE  OF 
CONDUIT  IMMEDIATELY  UPSTREAM  FROM  VALVE 


NOTE 

OATA  ARE  FROM  USSR  TESTS  FOR  FREE  FLOW 
FROM  6- TO  12-INCH- OIAMETER  GATE  VALVES 
AT  DOWNSTREAM  END  OF  CONDUIT  OF  SAME 
NOMINAL  DIAMETER  AS  VALVE 


GATE  VALVES 

FREE  FLOW 


DISCHARGE  COEFFICIENTS 


HYDRAULIC  OESIGN  CHART  330-1/1 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  331-1  to  331-3 
BUTTERFLY  VALVES 

DISCHARGE  AND  HYDRAULIC  TORQUE  CHARACTERISTICS 


1.  The  discharge  and  torque  characteristics  of  butterfly  valves  can 
be  expressed  in  terms  of  discharge  and  torque  coefficients  as  functions  of 
the  angle  of  rotation  of  the  valve  vane  from  opened  position.  The  dis¬ 
charge  coefficient  is  primarily  a  function  of  the  orifice  opening  whereas 
the  hydraulic  torque  coefficient  depends  upon  the  geometry  of  the  valve 
vane.  Thus,  differences  in  torque  coefficients  are  to  be  expected  for 
various  shaped  vanes  at  the  same  opening.  Although  considerable  data  have 
been  published(2),  only  data  indicated  as  the  original  computations  or 
curves  of  the  investigators  have  been  included  in  Design  Charts  331-1  to 


331-2/1. 


2.  Discharge  Coefficients.  A  modified  form  of  the  standard  orifice 
equation  has  been  used  for  computation  of  valve  discharge.  The  area  used 
in  the  equation  is  based  on  the  nominal  diameter  of  the  valve  because  of 
difficulty  in  determining  the  actual  areas  of  the  orifice  openings  for 
partially  opened  valves.  The  discharge  coefficient  varies  inversely  with 
the  angle  of  rotation  of  the  valve  from  opened  position.  Two  valve  loca¬ 
tions  have  been  tested;  one  in  which  the  valve  is  near  the  outflow  end  of 
the  pipe,  and  the  other  in  which  the  valve  is  well  within  a  straight  reach 
of  pipe.  Hydraulic  Design  Chart  331-1  presents  discharge  coefficients  for 
valves  located  within  the  pipe.  Chart  331- l/l  presents  similar  data  for 
valves  located  near  the  end  of  the  pipe.  The  material  used  in  these  charts 
is  taken  from  the  following  investigators:  McPherson(7) ,  Dickey-Coplen(4), 
Gaden(5),  Colleville(8),  DeWitt(3)>  and  Armanet(l).  The  Dickey-Coplen  data 
are  from  air  tests  on  a  thin  circular  damper.  The  Armanet  tests  reflect 
the  effects  of  convergence  in  the  valve  housing  downstream  from  the  vane 
pivot . 


3-  Torque  Coefficients.  Torque  coefficient  data  are  presented  in 
Charts  331-2  and  2/1.  The  available  information  is  limited.  Chart  331-2 
pertains  to  valves  located  within  the  pipe  and  Chart  331-2/1  applies  to 
valves  located  near  the  end  of  the  pipe.  The  Keller  and  Salzmann(6)  data 
in  Chart  331-2  were  obtained  from  air  tests.  The  DeWitt  curve  in  Chart 
331-2/1  was  computed  from  published  prototype  torque  curves.  The  Gaden 
curves  are  based  on  carefully  controlled  laboratory  tests  which  included 
measurement  of  and  correction  for  pressure  distribution  on  the  downstream 
face  of  the  valve  vane.  The  Armanet  curves  reflect  the  effects  of  con¬ 
vergence  in  the  valve  body.  The  scarcity  of  torque  coefficient  data  is 
indicative  of  the  need  for  torque  tests  on  butterfly  valves  of  American 
manufacture . 


331-1  to  331-3 


4.  Application.  A  sample  computation  for  torque  is  given  in  Chart 

331-3*  Final  computations  should  he  based  on  the  recommendations  of  the 

valve  manufacturer  at  which  time  friction  torque  and  seating  torque  data 

should  be  considered. 
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BASIC  EQUATION 
Q*CqD2V9"V5h 
WHERE. 

Q  -DISCHARGE  IN  CFS 
CQ- DISCHARGE  COEFFICIENT 
D  •  VALVE  Dl AME  T  E  R  IN  F  T 
g  -  GRAVITY  CONSTANT -32  2  FT/SEC2 
AH  -  PRESSURE  OROP  ACROSS  THE 
VALVE  IN  FT  OF  WATER 


BUTTERFLY  VALVES 

DISCHARGE  COEFFICIENTS 
VALVE  IN  PIPE 

HYDRAULIC  DESIGN  CHART  331-1 


wes 


OPEN  VALVE  OPENING  IN  DECREES  (a)  CLOSED 


BASIC  EQUATION 
T“CtD3DP 
WHERE' 

T  =  TORQUE  IN  FT-LB 
CT  *  TORQUE  COEFFICIENT 
0  *  VALVE  DIAMETER  IN  FT 
AP  *  PRESSURE  DIFFERENTIAL 
IN  LB/SQ  FT 


BUTTERFLY  VALVES 

TORQUE  COEFFICIENTS 
VALVE  IN  PIPE 

HYDRAULIC  DESIGN  CHART  331-2 


WES  6-56 


WES  <-&» 


U.  S.  ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 


JOB _ CW  804 _ PROJECT  John  Doe  Pom  SUBJECT _ Butterfly  Volves _ 

COMPUT ATION  Valve  Opening  and  Hydraulic  Torque _ 

COMPUTED  BY  WCB  DATE  2/26/58  CHECKED  BY  RGC  DATE  2/27/58 

GIVEN: 

Total  available  head  (Hj)  »  225  ft 
Valve  diameter  (D)-  4  ft 
Valve  shape  -  Gaden-Disk  A  on  Chart  331-1 

Energy  loss  in  system  without  valve 
(HL)  -  0.3  V2/2g 

ASSUME: 

Discharge  (Q)  m  600  cfs 


£ 


a 

’~r 


□ 


1.  Head  loss  (HL)  in  system  without  valve 
Q 

V  «  — «  48  ft  per  sec 
A 

Hy  -  V2/2g  -  35  ft 
Hu  -  0.3  Hy  -  10  ft 


COMPUTE: 

2.  Required  valve  loss  (A  H)  for  Q  -  600  cfs 

AH«HT-HL-Hy-  225-  10-  35-  180  ft 

Discharge  coefficient  (CQ) 

G  “  CQ  D2  v/iy/AH  (Chart  331-1) 

600 

C(3“l6x^2lx/i80“M9 

From  suggested  design  curve  on  Chort  331-1,  valve 
opening  (a)  -  36°  for  CQ  of  0.49. 


3.  Hydraulic  torque  (T)  for  Q  -  600  cfs  and  O  «  36°.  From 
Chart  331-2,  torque  coefficient  (CT)  for  Gaden-Disk  A 
valve  open  36°  -  0.10. 

T-CtD3AP  (Chort  331-2) 

Where  A  P  -  (H,  -  Hj)y  -  A  Hy 
T  -  0.10  x  64  x  180  x  62.5  -  72,000  ft-lb 

Repeat  computations  for  other  assumed  discharges  to  determine  discharge  and  hydraulic  torque  curves. 


BUTTERFLY  VALVES 

SAMPLE  COMPUTATION 
DISCHARGE  AND  TORQUE 

HYDRAULIC  DESIGN  CHART  331-3 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  332-1  AND  l/l 
HOWELL -BUNGER  VALVES 
DISCHARGE  COEFFICIENTS 


1.  General.  The  Howell -Bunger  valve  is  essentially  a  cylinder 
gate  mounted  with  the  axis  horizontal.  A  conical  end  piece  with  its  apex 
upstream  is  connected  to  the  valve  Body  by  vanes .  A  movable  external 
horizontal  sleeve  controls  the  discharge  by  varying  the  opening  between 
the  sleeve  and  the  cone.  The  discharge  is  in  the  form  of  a  diverging 
hollow  conical  jet.  Diameters  of  valves  range  from  1.5  to  9  ft.  Some 
valves  have  four  vanes  while  others  have  six  vanes.  Separate  discharge 
coefficient  charts  are  presented  for  four-  and  six -vane  valves. 

2.  Discharge  Coefficients .  Discharge  coefficients  for  Howell - 
Bunger  valves  have  been  computed  for  various  dimensional  features  of 
the  valves.  However,  the  discharge  coefficients  shown  on  Charts  332-1 
and  l/l  are  based  on  the  area  of  the  conduit  immediately  upstream  from 
the  valve.  The  basic  equation  used  is  shown  on  each  chart.  The  computed 
coefficients  are  plotted  against  the  dimensionless  factor,  sleeve  travel 
divided  by  conduit  diameter. 

3.  Experimental  Data.  Discharge  coefficients  for  Chatuge, 

Nottely,  Watauga,  and  Fontana  Dams  were  computed  from  prototype  data 
published  by  the  Tennessee  Valley  Authority*1) .  Coefficients  for  Ross 
Dam  are  based  on  model  data  published  by  the  Bureau  of  Reclamation^2' . 
Coefficients  for  Nimrod  Dam  result  from  discharge  measurements  made  by 
the  Little  Rock  District,  CE.  Coefficients  for  Narrows  Dam  result  from 
model  data  obtained  by  the  Waterways  Experiment  Station.  The  data 
presented  on  Charts  332-1  and  332-l/l  indicate  discharge  coefficients  of 
0.82  and  O.87  for  full  openings  of  the  four-  and  six -vane  valves, 
respectively. 


^  R.  A.  Elder  and  G.  B.  Dougherty,  "Hydraulic  Characteristics  of  Howell - 
Bunger  Valves  and  Their  Associated  Structures, 11  TVA  Report  dated 
1  Nov.  1950. 

(2) 

N  "Investigation  of  Hydraulic  Properties  of  the  Revised  Howell -Bunger 
Valve,  City  of  Seattle,  Washington,"  Hydraulic  Laboratory  Report 
No,  168,  Bureau  of  Reclamation,  April  19^5* 
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BBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBBBBBBBflBIh^'jBflBBBBBBBBBBflB 
BBBBBBBBBBBBBBBBBBBBBBBBIBBBBBBBBBIBBBBBBflBB".IBBBBBBBBBBBBBfl 
BflaBBBBflBBBBBiBBBBflBBBBBflBBBflBBBBBflBBBflBflBBVdflBBflBBflBBBflflBBB 
lllllIBBBniBIfllBIBflBBIIUBBIIiniBBUfllin^lllUIUIBIIIHB 
BBBBBBflBBBBBBBflBBBBBBflflBBBBBBBBBBBBaflBBBBiriBBBBBBBBBBBBBBBflB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBBnB-.  IBBBBBBBBBBBBBBBBB 
BBBIBBBBIBflBBBIBBBBBBBBBBflflBBBIBBIflBBBBBMBBBBBIBflBBBBIBBBBB 
BBBBBBBBBiBBBIBBBBlIBBBBBBBIBIBBBBBBBBBr.  ■BBBBBBBBBBBBBBBBIBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBBBP'.IBBBBBflBBBBBBBBBBBBBB 
BBBflBBBBBBflBBBBBflBBBBBflBBflBBBflflBBflBBBBjBBBBBBBBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBBBB^BBBBBBBBBBBBBBBBBBBBBB 
BBBMBBBBBBaBlgMgW— ■BWM— BWiWl— — ■■■■■■■HWMBB 
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BBBBBBBBBBBBBBflflBBBBBBBBBBBBBBBBBP'.BBBBBBBBBBBBflBBBBBBBBBBBBB 
BBaaBBflBaflflflBBBBBBflflBBBBBBBBflBflat-lBBBBBflBBBBflBBBBaBBBBflBB&afl 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB'JBBBBBBBBBBBBBBBBBBBBBBBBBBB 
BaBaBaBaBaBBBBBBBBBBB&BBaBBBBBBryBBBBBBBBBBBBBBBaBBBBBBBBBBBa 
BBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
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BBBaBBBBBBBBBBBBBBBBflr-lBBBflflflBBBBflBBflBBBBBBBBBBBBBBBBBBBBBBB 
BBBBflBflBBBBBBBBBBBBBBJlIBBflBBBBflBflBBBBBBflBBBBflflBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBBBBBflrjBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBB 
BIIBaiBBBBIBBaBBaaflVlBBBBaBBBBBBfllBBBBIBBBBHHBBIBnHBBBBI 
■BIBBBBBiiniBIIIHMBBBIIBIBIBIBBnBBBIBBBIIIlIBBBUBIIBlIBB 
BBBBBBBBBBBBBBBBBBB  >IBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
BBBBBBBaBBBBBBBBBBfiBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBIBB 
BBBBBBBBBBBBBBBBBBaBBBBBBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBBBBBB 
BBBaBBBflBBBBBBBBB'-lflBBflBflBflflBBBBflBBBBBBBBBBBBBBBflflflaflBBBflBBBB 
BBBBBBBBBBBBBBBBB4BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
BBBBBBBBBBBBBBBE- BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
BBBBBBBBBBBBaBBB^BBBBaBBBBBBBflBBBflflBflflBBaBBBBBBBBBBBBBBBflBBB 
BBBBBBBBBBBBBBB'iflBBBflBBBflBBBBBflBBflBBBBBBflfliBBBBBBiiflBBBBBflBB 
BBBBBBBBiBBBBBO.BgiBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBaBB 

BBBBBBBBBBBflB7flBBBBBBBBflBBflBBBflBBflBBBflBBBflBBBBBBBBBBBBBBBBBB 

BBBBBBBBBBBBBr*BBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBflBBBBBBBBBBBB 

BBBBBBBBBBBB.BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

BBBBBBBBBB'v'BBBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

■BBBBBBBBBrTIBBBBBBBBflBBBBflBBBaBBBBBBflflBBBBBflBBBBBBBBBBBBBBBB 

BBBBBBBBBB'JMBBBBBBBBflflBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBBflB 

iBBBBBBBBB^iBBBBflBflBBBBBBBBBBBBBBaBBBBBBflBBBBBBBBBBBBBaSSBBSBB 
IBBBBBBBB.BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
BBBBaBBn'iflflflBBBBBflBBBBBBBBflBBBBBBBBBBBBflaBBBBBBBBBBBBBBBBBBB 

BBBBBBB^IdflBBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBBBBBBBB 

aBaBBBvaBBBBBBBBBBBBBBBaBBBBBBBBBBBBaBBaBBBBBBBBBBaBBBaaBSaB 

BBBBBBHBBgflBBBBBBBBBBBBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBflBBBBBfl 

BBBBT74BBBBBBBBBBBBBBflBBBBBaBBBBBBBBBBBBBBBBBBBBaBBBBBBBBBBBB 

BBBBB.VBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

BBBBFJHBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 

BBBBB^BBBBBBBBBBaBBaflBBBBBBBflBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBB 

■BBf/|VBBBBBBBBBBBaSBBBBBBBBBSBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBB 

BB"'gjSaBBBBBBBBBflBBBaflBBBBBBBBBBBBaBBBaaBBBBBBBBBBBSBBaaBBBaB 
BB^BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBflBBBBBBBflBBBBflflBBBBflBBflB 
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 
BiBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 


SLEEVE  TRAVEL 
DIAMETER 


BASIC  EQUATION 

Q  =  CAi/  2  jHe 


WHERE 

C  ^DISCHARGE  COEFFICIENT 
A  =  AREA  OF  CONDUIT  IMMEDIATELY  UPSTREAM 
FROM  VALVE  IN  SQ  FT 

=  ENERGY  HEAO  MEASURED  TO  CENTERLINE  OF 
CONDUIT  IMMEDIATELY  UPSTREAM  FROM  VALVE  IN  FT 


HOWELL -BUNGER  VALVES 

DISCHARGE  COEFFICIENTS 

FOUR  VANES 

HYDRAULIC  DESIGN  CHART  332-1 
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RBBRBBBRBBRBBBRRRRBRBRRBBBBBBBBBBBRBBBf*  BBRBflBBBBBBBBRBBRBBBR 
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SLEEVE  TRAVEL 
DIAMETER 


BASIC  EQUATION 

q=ca/1Th7 

HERE 

C  =  DISCHARGE  COEFFICIENT 
A  =  AREA  OF  CONDUIT  IMMEDIATELY  UPSTREAM 
FROM  VALVE  IN  SQ  FT 

H  =  ENERGY  HEAD  MEASUREO  TO  CENTERLINE  OF 

CONDUIT  IMMEDIATELY  UPSTREAM  FROM  VALVE  IN  FT 


HOWELL  -BUNGER  VALVES 

DISCHARGE  COEFFICIENTS 

SIX  VANES 

HYDRAULIC  DESIGN  CHART  332-1/1 


HYDRAULIC  DESIGN  CRITERIA 


SHEET  340-1 
FLAP  GATES 
HEAD  LOSS 


1.  Flap  gate  head  losses  can 


where 

Hr  *  head  lose  In  ft  of  water 
K  =  head  loss  coefficient 
V  «  conduit  velocity  in  ft  per  sec 

2.  Hydraulic  Design  Chart  340-1  presents  head  loss  coefficients  for 
submerged  flap  gates.  The  data  result  from  tests  by  Nagler  (l)  on  18-in.-, 
24-in.-,  and  30- in. -diameter  gates. 

3«  Modern  flap  gates  are  heavier  but  similar  in  design  to  those 
tested  by  Nagler.  It  is  suggested  that  Chart  340-1  be  used  for  design  pur¬ 
poses  for  submerged  flow  conditions  until  additional  data  become  available. 
Head  loss  coefficient  data  are  not  available  for  free  discharge. 


COEFFICIENTS 

be  determined  by  the  equation: 
*  K 


vf 

2g 


(l)  F.  A.  Nagler,  "Hydraulic  tests  of  Calco  automatic  drainage  gates, 
The  Transit,  State  University  of  Iowa,  vol  27  (February  1923). 


340-1 
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SHEET  534-1 
LOCK  CULVERTS 
REVERSE  TAINTER  VALVES 
LOSS  COEFFICIENTS 


1.  The  head  loss  across  a  lock  culvert  valve  can  be  determined  from 
the  equation: 


aL  =  Kv  V2/2g 

where 

Hl  =  head  loss  across  the  valve  in  ft  of  water 
Kv  =  valve  loss  coefficient 
V  =  mean  culvert  velocity  in  ft/sec 
g  =  acceleration  of  gravity  in  ft/sec^. 

2.  Hydraulic  Design  Chart  534-1  shows  valve  loss  coefficients  vs  the 
ratio  of  the  area  of  the  valve  opening  to  the  area  of  the  culvert  for  re¬ 
verse  tainter  valves.  The  Weisbach  curve(l)  is  based  on  data  for  a  verti¬ 
cal  gate  in  a  rectangular  conduit.  The  data  shown  were  computed  from  model 
and  prototype  tests.  A  complete  list  of  data  sources  is  given  in  para¬ 
graph  3-  The  graph  is  similar  to  plate  6  of  Engineer  Manual  1110-2-l6o4. 
However,  experimental  data  are  plotted  on  Chart  534-1,  to  emphasize  the 
excellent  agreement  of  various  test  results. 

3.  Data  Sources. 


(1)  Weisbach.  "Hydraulics  and  Its  Application"  by  A.  H.  Gibson,  D.  Van 
Nostrand  Co.,  Inc.,  New  York,  N.  Y.,  4th  ed.,  1930*  P  249. 

(2)  St.  Anthony  Falls  Lower  Lock  Models  1  and  7.  Unpublished  data  com¬ 
puted  by  U.  S.  Army  Engineer  District,  St.  Paul,  Minnesota,  under 
CW  820,  December  1953* 

(3)  McNary  Lock  Model,  Test  1,  Run  1-C.  Unpublished  data  computed  by 
U.  S.  Army  Engineer  District,  St.  Paul,  Minnesota,  under  CW  820, 
December  1953* 

(4)  McNary  Lock  Prototype,  Run  13-3.  Report  on  Model-Prototype  Conformity 
McNary  Dam  Navigation  Lock,  1955  Tests.  U.  S.  Army  Engineer  District, 


(5)  McNary  Lock  Prototype,  Run  9«  Unpublished  data  computed  by  U.  S.  Army 
Engineer  Waterways  Experiment  Station,  Vicksburg,  Miss.,  from  November 
1957  tests. 

(6)  Dalles  Lock  Model.  Report  on  Model-Prototype  Conformity-McNary  Dam 
Navigation  Lock,  1955  Tests.  U.  S.  Army  Engineer  District,  Walla 
Walla,  Washington,  March  1959* 
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BASIC  EQUATION  Kv* 


Hl 

j  2. 


VV2o 


WHERE 

Kv- VALVE  LOSS  COEFFICIENT 
Hl  »  HEAD  LOSS  ACROSS  VALVE 
IN  FT  OF  WATER 

V  -AVERAGE  VELOCITY  IN  FT/SEC 
9  -  ACCELERATION  OF  GRAVITY  -  FT/  SEC2 


LOCK  CULVERTS 

REVERSE  TAINTER  VALVES 
LOSS  COEFFICIENT 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  534-2  AND  534-2/1 
LOCK  CULVERTS 
MINIMUM  REND  PRESSURE 
RECTANGULAR  SECTION 


1.  Laboratory  flow  studies  have  shown  that,  for  a  rectangular  con¬ 
duit  section,  the  minimum  pressure  in  circular  bends  of  90  to  300  deg 
occurs  on  the  inside  of  the  bend  45  deg  from  the  point  of  curvature. 
Experimental  turbulent  flow  pressure  data,  at  this  location,  closely  ap¬ 
proximate  values  computed  for  two-dimensional  potential  flow.  McPherson 
and  Strausser-*-  have  suggested  an  analytical  procedure  for  determining 
the  magnitude  of  the  minimum  pressure  in  a  circular  bend  of  rectangular 
section. 


2.  Theory.  The  minimum  bend  pressure  head  can  be  computed  from 
the  equation 


C 


P 


H  -  H. 
_ i 

v2 


2g 


(1) 


where 

Cp  =  pressure-drop  parameter 

H  =  average  pressure  head,  in  ft,  at  the  45-deg  point  computed  as 
a  straight-line  extension  of  the  upstream  pressure  gradient 


H.  =  minimum  pressure  head,  in  ft,  at  the  45-deg  point  on  inside 
1  of  bend 


V  =  average  culvert  velocity  in  ft  per  sec 
g  =  acceleration,  gravitational,  in  ft  per  sec^ 


Equation  1  is  similar  to  the  bend  coefficient  equation  developed  by 
Lansford  (reference  4,  Sheet  228-3).  Based  on  equation  3  of  reference  1, 
it  can  also  be  shown  that 


C  = 
P 


2 


S  -  i  m 


£  -  i 

•  c 


(2) 
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where 


R  =  center- line  radius  of  the  bend 

C  =  one -half  the  culvert  width 

3.  Application.  Hydraulic  Design  Chart  534-2  shows  the  relation 
between  the  theoretical  pressure-drop  parameter  and  ratio  of  the  radius 
of  curvature  to  one-half  the  conduit  dimension  in  the  direction  concerned. 
Values  of  Cp  computed  from  experimental  results  reported  by  Silberman^ 
and  Yarnell  and  Woodward3  are  also  shown.  These  data  indicate  the  effects 
of  Reynolds  numbers  between  6.7  x  10^  and  8.2  X  105  .  Points  computed 
from  data  summarized  by  McPherson  and  Strausserl  from  tests  by  Addison,^ 
Lell,5  Wattendorf ,6  and  Nippert7  and  on  the  Waynesboro  and  Mt.  Alto  model 
studies  at  Lehigh  University  are  included  on  the  chart.  The  indicated 
Reynolds  number  is  about  105  to  I06.  The  chart  is  considered  applicable 
to  bends  of  45  to  300  deg. 

4.  Cavitation  occurs  when  the  instantaneous  pressure  at  any  point 
in  a  flowing  liquid  drops  to  the  vapor  pressure.  Vapor  pressure  varies 
with  temperature  of  the  liquid  (see  Sheet  000-2).  Since  turbulence  in 
flow  causes  pressure  fluctuations,  an  estimate  should  be  made  of  the  maxi¬ 
mum  expected  fluctuation  from  the  minimum  computed  bend  pressure.  The 
sum  of  the  estimated  pressure  fluctuation,  the  vapor  pressure,  and  a  few 
feet  of  water  for  a  margin  of  safety  should  be  computed.  The  local 
barometric  pressure  (see  Chart  000-2)  should  be  subtracted  from  this  total 
to  obtain  the  minimum  permissible  bend  pressure.  This  pressure  can  then 
be  used  to  determine  the  necessary  average  conduit  pressure  or  the  per¬ 
missible  average  conduit  velocity  to  prevent  cavitation.  Cavitation  damage 
has  been  found  where  the  average  pressure  is  relatively  high  but  violent 
negative  pulsations  reach  cavitation  pressures.  Such  criteria  as  indicated 
here  should  therefore  be  used  conservatively. 

5.  Chart  534-2/1  is  a  sample  computation  showing  the  application  of 
Chart  534-2  to  the  minimum  bend  pressure  problem.  Computations  to  indi¬ 
cate  the  minimum  permissible  average  conduit  pressure  and  the  maximum  per¬ 
missible  average  conduit  velocity  to  prevent  cavitation  are  included. 

Chart  534-2  can  also  be  used  for  the  design  of  bends  in  rectangular  sluices 
and  siphons  and  in  circular  conduits.  Its  application  to  the  latter  is 
shown  in  Chart  228-3. 

6.  References. 
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tangular  bends."  Proceedings,  ASCE,  vol  8l,  Separate  Paper  No.  747 
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EQUATIONS 
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PRESSURE  PROFILE 


LEGEND 

SOURCE _ 

THEORETICAL  * 
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WATTENDORF 
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NIPPERT 

ADDISON 

WAYNESBORO 

MT  ALTO 
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BEND  ANGLE. DEG 
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H  +  29lHi+2g 


H  .  PIEZOMETRIC  HEAD  FROM  PRESSURE 
CRAOIENT  EXTENSION,  FT 
V  *  AVERAGE  VELOCITY,  FT  PER  SEC 
g  =  ACCELERATION,  GRAVITATIONAL,  FT  PER  SEC2 
H,  ■  MINIMUM  PIEZOMETRIC  HEAD,  FT 
V,  *  VELOCITY  AT  LOCATION  OF  H, ,  FT  PER  SEC 
CP* PRESSURE  DROP  PARAMETER 
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RECTANGULAR  SECTION 
MINIMUM  BEND  PRESSURE 
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U.  S.  ARMY  ENGINEER  WATERWAYS  EXPERIMENT  STATION 
COMPUTATION  SHEET 


JOB  CW  804  PROJECT  John  Doe  Dam  SUBJECT  Lock  Culverts _ 

COMPUT ATION  Minimum  Bend  Pressure  in  a  Rectangular  Section _ 

COMPUTED  BY  WTH  DATE  4/30/59  CHECKED  BY  MBB  DATE  5/4/59 


GIVEN: 

Rectangular  culvert  section 
Horizontal  bend 
Elevation  of  roof  =  500  ft  mil 
Deflection  angle  =  90° 

Bend  radius  (R)  =  10  ft 
Width  of  culvert  (2c)  =  10  ft 
Average  velocity  (V)  =  20  fps 
T emperature  =  50  F 

Average  conduit  pressure  measured  from 
pressure  gradient  extension  (H)  =  10  ft 

REQUIRED: 

H(  =  minimum  pressure  (in  ft)  inside  of  bend. 
H,  .  =  minimum  permissible  bend  pressure  (ft). 


energy  gradient _ | 

PRESSURE^GPAniCM^ 


PRESSURE 


PRESSURE  PROFILE 


Hmln  =  mln'mum  permissible  average  conduit  pressure  (in  ft)  to  prevent  covitation  (V  -  20  fps). 
V  =  maximum  permissible  average  conduit  velocity  (in  fps)  to  prevent  cavitation  (H  =  10  ft). 


COMPUTE: 


1.  R/c  =  10/5  =  2 

2.  Cp  =  2.30  for  R/c  =  2  (Chart  534-2) 

3.  Minimum  bend  pressure  (H.) 


Minimum  permissible  average  conduit  pressure 

head  (H  .  )  to  prevent  cavitation  (V  =  20  fps). 
m  in 

in  H|  min  — 


V2/2g'Cp 


202/64.4 
H,  =  -4.3  ft 

4.  Minimum  permissible  bend  pressure  head 
(«i  mini 

a.  Estimated  pressure 

head  fluctuation  =  10.0  ft 

b.  Vapor  pressure  heod 

of  water  at  50  F  =  0.4  ft  (Sheet  000-2) 

c.  Pressure  allowance 

for  margin  of  safety  =  5.0  ft 

Total  =  15.4  ft 

d.  Local  barometric  pressure  head  =  33.2  ft 

(Chart  000-2) 

e.  Minimum  permissible  bend  pressure  heod 

(H,  mJ  =  15.4 -33.2  =  -17.8  ft 


Hmin  '  ("17.8) 

-IL2 - =  2.30 

202/64.4 

H  ,  =  2.3  (400/64.4)  -  17.8  =  14.3  -  17.8  =  -3.5  ft 

min 

Maximum  permissible  average  conduit  velocity 
(Vm ox)  to  prevent  cav.tation  (conditions  of  step  4 
and  H  =  10  ft). 


i  min  _  ^ 

V2moxA>  ’  ' 

10  -  (-17,8)  .  2  3 
V2  4S4.4 

max/ 

_  (10+  17.8)  64.4. 27.8  x  64.4.  „„ 

V  mo» - 23  23  ' 


Note:  Since  H,  >  H,  min  cavitation  should  not  occur. 
However,  this  is  not  adequate  to  use  as  posi¬ 
tive  criterion  since  the  values  used  for  items 
4a  and  4c  ore  dependent  upon  the  judgement 
of  the  designer. 


LOCK  CULVERTS 
RECTANGULAR  SECTION 
MINIMUM  BEND  PRESSURE 
SAMPLE  COMPUTATION 

HYDRAULIC  DESIGN  CHART  S34-2/I 


D»vu  t  Attur  CM4INIC*  •AT«*«AVS  4TATION 


HYDRAULIC  DESIGN  CRITERIA 
SHEETS  610-1  to  610-7 
TRAPEZOIDAL  CHANNELS 


1.  Hydraulic  Design  Charts  610-1  to  610-7  are  design  aids  for  reduc¬ 
ing  the  computation  effort  in  the  design  of  trapezoidal  channels  having 
various  side  slopes  from  1  to  1  to  3  to  1  with  uniform  subcritical  or 
supercritical  flow.  It  is  expected  that  the  charts  will  be  of  value  in 
preliminary  design  work  where  different  channel  sizes,  roughness  values, 
and  slopes  are  to  be  investigated.  Certain  features  of  the  charts  were 
based  on  graphs  prepared  by  the  Los  Angeles  District,  CE.  Charts  610-1  to 
610-7  can  be  used  to  interpolate  values  for  intermediate  side  slopes. 

2.  Basic  Equations.  Manning's  formula  for  open  channel  flow, 

A  1.486  A  Sl/2  R 2/3 


can  be  separated  into  a  factor,  involving  slope  and  friction 

c  =  1.486  Sl/2 
n  n 

and  a  geometric  factor  involving  area  and  hydraulic  radius 


Chart  610-1  and  -l/l  show  values  of  the  factor,  C  ,  for  slopes  of  0.0001 
to  1.0  and  n  values  of  0.010  to  0.035-  Charts  ol0-2  to  -4/1-1  show 
values  of  the  geometric  factor,  C^  ,  for  base  widths  of  0  to  600  ft  and 
depths  of  2  to  30  ft.  Charts  610-5  to  -7  show  values  of  critical  depth 
divided  by  the  base  width  for  discharges  of  1,000  to  200,000  cfs  and  base 
widths  of  4  to  600  ft. 

3.  Application.  Preliminary  design  of  trapezoidal  channels  for 
subcritical  or  supercritical  flow  is  readily  determined  by  use  of  the 
charts  in  the  following  manner: 

a.  With  given  values  of  n  and  S  ,  C  can  be  obtained  from 
charts  610-1  and  -l/l. 

b.  Since  Q  =  CnCk  the  required  value  of  C^  can  be  obtained 
by  dividing  the  design  Q  by  Cn  . 


st  * 
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c.  With  the  required.  value,  suitable  channel  dimensions 

can  be  selected  from  charts  610-2  to  -4/1-1. 

d.  Charts  610-5  to  610-7  can  be  used  to  determine  the  relation 
of  design  depth  to  critical  depth. 
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VALUES  OF  Cn 


FORMULA:  , 

,  I  486  5  * 

Cn - n - 

WHERE 

S  =  SLOPE 

n=- MANNING'S  "  n” 


OPEN  CHANNEL  FLOW 

SLOPE  COEFFICIENTS 
0.0001  <  S  <  0.010 
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HYDRAULIC  DESIGN  CHART  610-1/1 
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ck=ar2/3 

WHERE 

A=AREA 

RsHYDRAULlC  RADIUS 


350  400  450  500  550 

BASE  WIDTH  IN  FEET 


TRAPEZOIDAL  CHANNELS 
CK  VS  BASE  WIDTH 

SIDE  SLOPE  I  TO  I 


HYDRAULIC  DESIGN  CHART  610-2/1 
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■BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB 


BBBBBBBBBBBBBBBBBBB  BBBaBBBBBB  BBBBBBBBBB BBBBB BBBBB BBBBB 

BBBBBBBflBBBBBBBBBBBiaBBBBBBBBUBBBBBBBBRBBBBRBBfllRBBBBBSVIMMSBVm 
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BBBBBBBBBBBBBBBBBBBBBBBBBBBBB  bbbbbbbbbb  bbbbbibbbb  bbbbbb 
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WHERE 
A= AREA 

R  =  HYDRAULIC  RADIUS 


TPAPEZOIDAL  CHANNELS 
CK  VS  BASE  WIDTH 

SIDE  SLOPE  |4tT0  I 


HYDRAULIC  DESIGN  CHART  610-2/3 


WES 


(THOUSANDS) 


■■BBBflBBBBBBBflBBBBBBBBBBBBBBaBBBBBBPBBBBBBBBBBBBBBBBBBBBBBaBBaBBBBBPBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBPl 

t»£pKBaBRaaflaBBBBBBflRaBaBaBBaaBaBaaaaflBBaBBaBr| 


BBBBB  BBIBB  HBBBBBBBBBBBB  BBBBBBB  BBBBBBBHBB ■■■■BaBBBBBBBBBB] 
aBBBBBBBBflBBBBBBBBBBBB  HBW1BBBBBIBBBBM1B1— BflflWl— M 

BaaBafllaBaaBBBBBBBBiSfKitiQBM«vlBiiB«iBiBBBBBBaBaBBflBBBiiiiiiiBiiiiiiiBiiiiBiiiBBBiiiiBBiiiiBiiirBi| 

■■■■■■■■■■■■■■MmaaiMMiMMaaaMaMHHMiaBBaiMHMHMiiMWMBMMMMMBMMMMiflBBaaaBaBBaaaBnaaal 


Iaaaaaai 
aaaaaai 


laaaaaaaaaaaaaaa. 
BBiBBiBaamgaM 


. . . 

WiaikBaBaaaaBBaaBaaaaaBBBaaaaBaaBaaaBBaaBaaaaaaBaaaaBBBBaaaaBaaaBar.iaaal 
^VVnnffnaaBB*aaaaaaaapaBaBB,aaaaaBfli»aBBBBaaaaaBBBBaBaaaaaBBaBBBBBBaaaKBairaBBHB| 
laiBBaaiaaaBiiMigaaBiiEaaiBiitaaMinaaBiiaaiHBBaBiaaaaflaiiaBMHBUWu^^MWM 
■MMHMIiB|aaBa . . . . 

tfaiaiiaaiiiiiaalBBBBaBaaBBBaaBaafliaaaBaBBBBBBaaBaBaaBaaaBBBBaBBaaBaBBaBBaBBaBBlSHI  _ 

BBBBBBBBBMBBBBBBBBRBBBBaaBBBBBBBBBBBBaBBMBBBBBBBBBBflBBBBBBBBBBBBBBBBBBBBBBBBBM«^jaBBaBBBBB| 

H|aBaaBBKjraBBBBBBBBr!a| 


HaaBeaaaaaaaaaBaaaaaaBaaaaBBaBaaBaBBBaBaaaaaBaaaaaaaaBBaaiaBaaaaaaaaaBBaaBaMaaiai 

|BBaaaaBBaBaBaaaBaBaaaaBaBBBaaaBaBBBaaaaaBBaaBBaaaaBaaBBaBBaaaBaBaBaaaBBaaaaBBaBai 

iBaaaaaBaaaBBBaaaaaBaaBBflBaBaaaaaaaBaaBaaBaBaBBaaBBBBaBBaaBBBaBBBBBBBiaaaBBflBBBBBi 


BBBBBBBBBBaBBBBBBBBBBBB^BBBBBflBBBraBBB] 

IpaaHaaaBaBaBBaBBBBaBaBBBBaaaaaaBBBBaaaaBaaBBBMaBBaaaBBBBBBBBBaaBBBaaBBaBBBBBaaBB*BaBBapaa{l*BBBBaa| 
BBBBBBBBBBBBBBBBaaBaaaaBBBBBBBaBBaaaflBBBBBaBBaBBBBBBBBBBBaBBBBBBBBBBBBBBBBBBBBBBBa^BBBBBMBB'ABBaBBBBl 
flBBBBBBBliBBBBBBBBBBBBBBBPBBBBBflBBBBflBBlflBBBBaBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBfl'^BBBBBB^BfcafliBB— MM 
HgMaHmauaBaBaBiBBBBBiBBiaaflBBaBaBaflBaaaBaflBaBBaaaBaBaBBaBBBBBiaflBBaaaBaiBBflay 
aaaBaBaaaaaaaaaaBBBBaBBBaBaaaaaaaaaaBBBaaaBaaaBaaBaaaBBBBBBBaaaaa'ABaBBBl 
UaMMBMMa§|MMaaaMBBaaBBeaaBaBaBBBnBBBBBiaaaBBBBaBaBaBBBaB*^MaBBaBl0NVVIIIVSVVV 
BBBBflBBBaaBaBBBBBBBBBBaflBBBHaaBaaBBBBariBaflaBBBaKiiaiiBBiiariii 
aBBaaaBBBaaaaaBBBBBBaaaBBBaaaaaaflBBBBBB.aBaBBBaBar4aBlBBBBBar.aBB 

_ ■■BflflflBBflBlflflflflflBBflBflBMBflflflBBBBBBBflflBflBBJflBBflBBBBr.aBBBBBflBBBr.BBBfl 

■  ■BBBBBBBflfl  BBflBflflBflflfl  BflflflBBBflBflflBBflflBBBBflflflBBBflBBBfl  flBBB4flBBBfl  ■■BraBBBBBBflBB'JBBBBfl  I 

(^^^^^^^^■^HHiflflBBBaBaflB«aBflBaflflBflBBBaBaBBBBflBBBBflBaaBaflBBaBBaBBBBBB4BBBBBBflBrflBaBaUBBBUBaBBBfll 
BBBBBBBBBB BBaBBaBBBfl  BBBaaBBBafl BBBaaBBBBflflaaaBaflaaa BBBaBBBaaaBaBBBaBBBa ar 4BBBaBBB H'^BBBaB  vtTCr BBBBBaBB  I 
■aaBBBBBBflaaflaBaaBBflflBaaBBBBBBBBaaBaBaaa«aBaBaBaBaaaBBaBBflaBBBaaBBaBiBr4BBBBBBBB'>BaaafliavX^4aBBBBBBal 
■liaifiawMW«aiMMaaMwaaaaaiiawMM»«««i«l«i«««aB««i»MirwBaaBa»i^wna«roy«B»aaaBBial 
■■|M|M«MHHMHMH||||HMHMMM|MMM|BlaaBBaaBaBBBBar4BBaBaBB>ifiBfiaBflKKaiBBaBaaaar| 

■MMfliMaMMMiaiMMMMMMaAfeBa  a  a  a  a  a  a  a  mM 


NflflBBflSBBfll 
■■■BBBflaaar  I 
^aBaaaaaaar 


■■■■■■■■a  iinnn 
■■■■■■■■■•■■■■■■a 


‘~igggB5SgggggBg°gggg!|gggggggBsgggg««ggBgggBgggg>:-flgagg«gg8,rjgggggla»^^p”S8»SBSSi 

HflaBLaaBasal 

MajMaaaaal 


4BBBBBBBB 


BBaaaaaaaaaBBBBBaaaBaBaaaBBaaaBBBBBaaBaaaaaBflMWHP 
■  aiBBaaBflaaaaBBaBBBflflBBaaBBaaiaaaaaBaaiBflaaBBBBBBBa 
laBaBBaBBflaaBBaBBBBBaBBaBBaaBBaBBaBBBBaBflaBHWM 
. . . 

■aaaaaaaaflBBBBBaaBaflaaaaaaaaaaaaaaBaaaaaBM 

iflflaBBBflflflBaaBaaBBBaaaaBBflBaflflflBBflaBflBflflBi 
■BBBaBaBflaBBaaflBaaBfliaBBBafliBiiflBBBflBBBflai 
NBBBBBBBBRBBBBBBBBBBflBBBBBBBBBBflBBBBBBBBH 

■aaaBBaaaflaBBaflaaaBflaaaaBaaBBaBBaaaaaaaaH 

. . . . 

liaaaaBaaflBBBaaflBBBBBaaaaBaaaBflBBaaaaBBBaBil 
1 1  ■  ■  a  a  a  a  ■  a  i  a  a  a  a  a a  a  mmmmmhmmm 


aaflaBaaBaaaaaaaaBBBBBaaBaaaaBBr.aaaaaBaar.BBBaBBaBaraBaaB 

aaBBBBflaaaaSaBBaaaaaBBBaaBBaBrflaBaBaBar.aBaaBBaaar.aBBBafl, 

BBBBBBaBaanBBaBBUBBBBBaaBaraaBBBaBBr.aBBBBaaBBr<aBBBaaji 


LBBaBBBflaai 

luBaBBaai 

iBBBBBanSi 

ml 


aMBBBaBBaBBaaaaaaaaBBiBBaai 

[bBBBBBBBBBBBBBBBBBBBBBBBBBbM 

aK  ''^  ■■■■■■■■■■  ■■■■■■■■■■■■< 

|lllB|||M||M|MM|H||a 


iflBBaaaBBBW»w»»wwww^wwlWlWBWH^^WWnWwW^«wWHW«wwWWBvwwW»W 
■  BBBBaEBBBaBBaBaBBflaaBBBBaBaflaBBBBaaaaBflBBBB,,<BBaBBBBr>BBBBBBI 

|L|£II|HMl£a£2jMaMaaaaaaaaaAaaaMaaaaaaHMM*  ■  *  ■  aaaSUH 


■  BB  a  a  aa  B^a  a  ■  B  a  a  a  ■  %  aaa  BB  aaaauBBBaaB] 

’~HaaB'>flaBBaBa»*BBaBBaaBr4aBBSaaV7aBBaBBaBaar| 
HriaflaBaaBF^aaBBBBBaraaBBBflBaAoBBBaBHflMBfll 
'ABflBBBaar4BaaaBBaBoaaaBBBaaar4BaBBlaHi. 
■MHMMBaflBBBBraBBBBaaBB'jBflBaaBBBBT.aaaaaBBBBaraaiB 
iBBBBaaaaaBB-4aaBBflBar4aBaaaBBa4aaBaaaaaa%aBBBBaaBaa^aaaaa 
BaBBBaaaar4BBBBaBarBiiBBaaBr4aBBBBaaflr4aaBBaiuar4BBBaaa 
BaBBaBBBriBaaBBaB'.aaaaBBBirBaaaBBBBflriBBBBB^araBaaaBBB 
aBBBaBBr4aaBaaBaoaaBaBaBaraaBaaaaaar.aBaaaai^ty«aaaaaaaia 
HMHaaaaBiaB’iaaaaBBaa'AaBMiaaBB'AaaaaaagRv^iaBaaBaaflaB 
HHHHaBaaBBB^BflaBBBBB^aaBBBaBar^BBflaBaa&^aBaBBaaaaaB^ 
BBaBarflBaBBBar4BflBaaBar4BaaflBBaBr4BaBBBBBBvuaaaaaBaaBar4B 
BBaaraaaBBflar4BiflBBaBrflaBBaaaBB'.flaBflBBaBar4aaBBBBflBBa',.4aa 
MaaaaaBBaaraaaiaaaB^.flBaBBaBaa^aaBaBaBBar.aaaaaaaBBBr'4Baaa 
HHI|oaaaifliBa^aaaBBBaBriBaBaBaiar4BaaBBUBBa’’,«BBBBB 

laaaBBaaB'>BBaaaaaar4BaaaaBaar4BBaaBaf^iV’>aaaa"a* 

!naaaaBr^BaaaaBBar.aaBBBBaaa'yaBBaaiiM^>raflBBBaBBB 
|aaBaflr4BaiBBBaa)4BBBBBaaar4BBaBaavt>oBBBBBaBaBB 
BBBaaraaBaaaBardaflaBaeaaraaflaBBaaKraBflaBBaaaaar 


■BflaaaBBaBBBBflBBaBaaflBBaaBflaaaaBaBaaBaBBBB4B] 

■  BBiBRBBBBlIBBBBBSaBfl  BaaBBaliaBB  ■■RBBBBBBB  r  4BBI 
h  a  ■  a  ■  a  a  a  a  a  b  a  a  a  ■  ■  aa  a  ■  a  a  aaaaa  aaa  aaa  aaB  a  Bar  aiiM _ 

aaaaaaBaaaBBflflBaaBBaBaaaaBaaaflaBBaaaaar^aBaBiBrfliaiBiaruBmVVBVNNSVMPmSimilVfV 

BflBflaaBBflaBBaflaBaaaBBaBaBBBpRBBBBBaBarfl3flaaaBrAaaaaflflarBRBaaRaBr^BaBaaaflBr.4BBRBBBBBa^aaaai 
■BaBaaaBaBaBaflflaaBaSBaBBBBBBBaflBaBBar3aaBBaB^aflaaBBflr4aBBBaBBr.4aaaBaaflr^aBBaBBBaBr4aaaaai 
■aaaBaaBaBaaaaflaBaBaaflaaaaBaBaBaBBar.aBaBBaB4aaBaBBB%flBBaBaBB>BaaaaaaRr4aaaaaBBBB^aaaBa85| 
■■aBBRaaBBaaaaB^flflaaflflr4aBBaBafl^BaBBBBar^iaaaBRBB%«aaaaaaaar4BBBBaia 


|aaB74BaaBBBBr4aaaaaaar4BaRaaaaaa?aaBBaaB^^aBaaaaaaaRa  I 
OT>Bflr4aBRaaaB^aaBBaaBBr4aBflaaaaBr4BaBBBaaaBT4aflaBBBBaaaa^l 
laBBB'.flaaBaaBr^aaBaBaBB^aaflBBaaBPuaaBBaaBBaa^aaBBBaaaaaacaa 
iaaa^aiaaBRar4aBaaaaar4Baaaaaaar4aaaaaaBaa':4aBBaaSBaaar4RBBl 


aaaaaagBaaBaaaBr4aaaaar4aBaBa8r4aaaaaaar.aaaaaaaar.aaBaaaaaBuaaaBaaaaar^Baaaaa 
flaBBaaiflaaaBBarflBflBaaraaBaflBarflBaaaaar^aaaaaaar  ^aaaBBBaBr4BBaaBBBa»^flBaaaun 

aaaBaaflaaaaaBrflBaaBarflBflaaflarflaaaBBar  4BBaaaBar4Baaaaaaa>flflaBBBaBBr4BBBaaW^ 


Iaa  a  BB  a  a  B  b  ■  a  a  a  bb  allPHVRHPIRMPailPWRanHRVIIIIIPHIIIIIHIPINIIINPIIIIIMapMMM 

laaaaBaaaaaBaaBaaiaiiiiiiiaraBiiiiraaiiaiacBiBiBBarBBiiiBiarflaaiiiiaa^aSiiiiBiiraaiBBB^^dk^BBaiiaRBal 

BflBBBBBBaBB  BaBaaaaaaflflBBBBoaaaa  aa^aaaflBafl'AaB  aaBBa^flaBaaBaa  >bb  BflaBBBr  4BB  BaaaBar'J«aflBBBaBM'j^4BBaBaaaBaaM 
l■BflaaflBBBBaBB■aflBaa■■aBa  4BBaBaB^flaaBaarAiflBaBaafl^BBBBflBar4aaBBBBaa^BBaaflBaBBr4BBflaBBaaBV^aaaaaaaaBB« 
lRaBaaaaaBRBaaBaBBBaBBaa^aaBBB»4BBBaaRr4aaBaBar4BaaBBflar.BaRaflaaBr4aaBBBBaa^4aBBBRBaBBB^aaBRaaaBaaa*raH 

■aaaBaBaaBaaaaaaaaaaBflr4aBaaar4BBaaaarflBaaaaar.aBBBBRBr4aBBBaBaa^aaaaaBaBa^aaaaBaaaaiC4aaaaaB**»"r^*"*l 

■BBaiaBflaaBflaBBaairiBaBaBrBBaaBBfl^flaBBBar^aflaBaBarflBaBaaaBraaaaaaaBflrBaBBaBaflflBr^aaaBMAaaiaMHMaM 
PHaaaflBaBflBaBflBaaaar  flaaaaa,',aBBaBar4aaaBaBr4BflflflBB>^BBBBBaar^BBBBaBBar  ^BaaaBflaBB»»>aBaaB  PjHWIIIlim 
|iiBBaaBBaBaaBBaaaar.4BaBBa^BaaaBBr4aaaaaB^aaaBBBar4Baaaaaa»,.4aBaaaaBa^aBaBaaaaaa^aflBaBBrf^^iiaiiiiaBiB 
|iaaaaaaaaaaaaaBBa'ABaaaar4aBBaaar.aaaaaar4BaaaBBB^aaaaaBaa>aBBiaaaar4Baaaaaaaa>:aBaBaaaaK^«aaBauiBaaagl 
BaaBBaaflBaBaaflUBaaRBr4BflBBBr^aBBflBar4aBaaBar4aBflaiaar4aaaflfiaBr^aaaaflMBaB»:4aaaiaBBaaB*f4BaBBaRflaaaa^| 
BaaaBaBBBBBflB4BBBaBr4aBBBBr4BaBaaB^aaaBBBB^aaaaaBBruaaaaaaflB':4aaaaaaBar>aBaBaBaBBBr4aaaaBBBaBaa%4B| 
BaBBBaaBBaBr4aaBBB^aaaBaBraaaBaar4aaaaaar4aBBaaaB':4aaBBaflar4BaaaaaBfla^aBBBBBaBBpr4aBaaa|pBBaa%4aBal 

IpiaaaBaaaaaBr4aBaaa'>aBBBBBoaaaaaar4aBaaaB':4BaBRagr4BBBaaBBBSraaaaBBaaB,:4BRBBaaBaar4aaaaBliin\aBa^4aBaBBl 
|iiaaBaBaaflar4aaBar4aaBBBB4RaaaRac.BBBBaaa4aBaaaRB^aaaBaaaar4Raaaaaaar4aaaaaaaaBr4aBBaaaiBLiiaiiMMMl 
linaBBBBflaraaiflar4BflBBar4flflaBar4BBaaBBr4BaBaaBr4aaaBflBar^aBflaBBaar^aaaBBaaBB«rA<aRaBBBa 
liaBaBBBafl^aaaaa'.aaBiaBoaBaBaa'.aaaBBaf^aaaaBBa^aBBaaBfla^aflBaBaaaa’vaBaBiaBBarAaaaBflaBBaHMpHHH 
|MMMMMMMBMBBfli>xBBaaaBjaaBBaar4flSflBaB'’4BBBBaBar4BBBBBflaB':4aaaBBBaar^aBBaaaaBBB^^aBaBfliBBBiiB 

|aiiiar4iBftir4iBiaar.aBBaBa%BaaaBar.4aBBBBa»:4aaaaaaa^aaaBaBaar4BaaBaaaaB^aaBaaaaaaar4BaBaaMiffiBB»2aBa^B 
Iflaaanaaaaaraaflaaa^aflBaBr^aaaaflB^BB— aar^aaaBBaflr4aBBBBaar^aBaaaaaaas4aBBaBBaBa>;«iaaaBBMff  e^^bbbbb 
laaaoBaaflB^aBBaaraBBflBBraBBBaBraBBBBflB^aBBaaBBr^aBaaBaBBsaaBBBBaBa^aaaaBBBaBa^aaBBBBBByg^BBBBBBBI 
|bb  Aaaaar  ^flaaflaraBaflflfl^aBBflafl  ^flflBaBar^BaflaaBB^flaBaaflBBDBBaaaflflaB'iflBaaBBBafV’iBBaflBflBBBBiW'^iiBflBBaBBBB 

l<’4BBaBr4RaBBB'.iaBaBarriaaRflBr4BaflBBPC.flBaaaaar4BaaBMM4MMMMMMaMMMMMMMMMaMMMMMMM| 
l4aBBBr«aBBar4fla3a8’'.flBaaap^aaaBBar^aBaaaBF4aaaaa 

Ilaaap"Aaaa«iir4aflBBr4aflaaar4aaaafifl^aaaaflap^aaaBBaaSH 
liBP'4BBBBBCiBBBBB^BBBBBP^*BBBBBBr4BBBBBB^4BBBBBBPI*BBB] 
lar4BBaBr4flBaBP^aaBafl''4BaaBRr^aflBBaa^4BBBBBap^4BBBal 
. . '.aBflBBar'Aaaaaaa>,:aaaH| 


■M^aBBBBaagBi 


BBaaBaaaa* 


SSKSKl 


20  25  30 

b*BA$E  WIDTH  IN  FT 


Ck  =  AR2/3 

WHERE. 

A = AREA 

R=  HYDRAULIC  RADIUS 


TRAPEZOIDAL  CHANNELS 
CK  VS  BASE  WIDTH 

SIDE  SLOPE  \f  TO  I 
BASE  WIDTH  0  TO  50  FEET 

HYORAULIC  DESIGN  CHART  610-2/3-1 


*«E*A*C0avU  i  ARMV  ENOlNtt*  WATtKtAVJ  tXPCNIMBNT  *T  ATIQW  VKHRUtS 


■■■■■■■«■■  ■■nnaHimaaiaiiiiiiMaiiHiiiiinaniui 


■■■■■■■■a 


■•■■■■■■■■■•■a 


IsaaBaaaaaaHHRRRBaSaaaaHHaBBaaaaaHaBaaaaBaaHaaaaBaHRRaaaaRaaHHHaBaBBHBB^fflM^^^fflmNNmMMuRl^^^ffin 
■aaaaBiMBiRBBBiaaaaBaaaaaBBaaiiaBaaaaaaaiaaBBaaaBaaBaaaBBaaaBaaaaBBaaaaBaBBaaaaiaaBBBaaaaaaBaaaBaaaal 
BaaBBRaBBaBRaflBBBBBBBBBa  BBBBBBBaB»M^£»Wn^^^^^^W^^m^^^M 


IBHgHHgHBBBBHHBHBHHBH 

aaiaBBVaaaeaaaRBBBBa 

laaaaBBaaaaaBaaaaaaaai 


IBIBBBRII . . 

I  BaaaaaaBBR a a aaBBaBBiliaaiiaaiBaiaiial 


BBBBHBBBBlIBBBBBBBBBBRBBBBBaai 
BBBBaBaBBBHBBBaaBBBHBaaBBBBaaiSm 
IB jBBBBBIfBBBBBBBBBBBBBBBBpBBg jjg 
MH|iiiM||aBBBaBaiiaaBaii>MiMi 


HHHIbi1 

BBB  BBBBB 
MMBBBBBB| 


I  BBBBB BBBBB BBBBBBBBBBHBBBBB 
R8RHBRHHHHHHHRHHBBBRHBBHHH' 
BB BBBBB B BBBBB BBB BBBBBBBBBB 


BBBBBBBBBRBBBBBBBBBRBBRBB  BBBB  B  B  BBBBBBB  BBBBIBBB  flaBBBB 


[•MMnaMHHI  a  a  ■  ■  a  a  a  a  a  a  a  a  ■  aa  a  a  a  B 1 1 

. . . 

■BBBBBBBBBBBBBBBBBBBBBBBB 

HHHHHBHBRHHHHHHHHHHRHHHBHI 

■IIBIIII . . 

■BaBBaBaaBBaaaBBaBaBiBBBBRBBBfl 
BBBBBB BBBB BBBBBBB BBB BBBB BBBB BB 
B BBBBBBBBBBBBBBBBaaB BBBBB BBBBB 
BBBBaBBBBBBBBaBBBaBBBaBBaaBBBBl 

. . . 

HaaaRaa&mil 

IPHMKaBaiiaRaaaRBBBaBiBaiiiaai 

laBBBBaBBBHBBBRBaaaaBaaaBaaaMMi 

laBaBBaaBBBBBBBBaBBBRBBBBBl 

hjlill  iiilil] 

ISbbbbbbbbbbbbbbbbbbbbbbb] 


IVMBBBRBBBBBBBaBBBBaBBBBHIHi 
BBBBBBaBBBBBBaaaaaaaaBBBBBBBBBBl 
BB BBB BBBRIBBBBBBBaBa BBBBB BBBBB HI 


BBB 

BBB 

BBS  B9I 
BBBB  B 


BHaaaagaaM 

■IbbbbBhbbhS _ 

VVnVnVVVVnaaaaaBBBBaBHBalSHHMSSSBVI 

BBBBBBB BBB BaaBBHBBBBHBflBaaBfiai HBHBBHBB 


B  BBB  BB  BBBB  BBBa  BBBBBB  BBBBBBaBnB  I 
B BBB BBBB BBBBaaaaBH BBBB BBBB BaBB 
BBBBBB BBB ■BRaaHBaHHBBRHHBBHHHB 
BBBBBBBaBBBBBaBBBHHBBBBHBBBBBai 
BBBBB  BBBBB  BBBBBBHajHB  BBBB  M 


HBBBBBBBBBBBHBHB HBBiaBBBBB  BBBB BBBBBB  BB 
iHHBHBBRBBBBBBBBBBHBBBBBBBB  IHiaHBHHBBBB 

■■aa . a . .  BBH  BBBB  BB 

BBBBHBHBBaBBHBBBBBHBBHBBaBBaaaiMMaHMI  &■« 
BBBB BBBBBBBBBBHBBBBB BBB ■■■■! 

BBBBB HHBBBBBHBBHBBBB BBB BHBal 
BBBB BBBBBBBBHBBBBHBB BBB BBBal 
BBaBBHHBflBfiBaaaiaaHBBHHBBial 
■BBHBaBaBBHBHHBaBBBBaBBHBHBB 
BBHBBHBBHIHBBBBHBBBBBBHBBBHB 


BBBBBB 

ssas : 


B 


IlBHBHaHBBHBHHBHHRHaHBHaBBHBBB 
iBHBBHBaHHBBHHBBRHBHBBBBBHBBB 
■gaaBIIBH  BB  I  BBB  BBBBBBB  BB  BBB  IBB 

SiaBB  BBB  HBHBBBHBBB  BBBBBB  BB 
IbBH BBB BBB BBBBBBB BBB BBBBB 

„rJ|gBaaBaSaHaa3HaaHHHHaaHaaa] 
■BBaaBB BBBB BBB BBBBBBB BBBBBHHb] 

■AAMBBHBBBBBBBRBBBBHB  BBHBBbSbJ 

BBBBB  BBBBBBB  BBBBB  BBBBBBB 

IPVVBBaBBBBBaaBBBBBBBBBBaaiPPm 
|iiiaaa bbbb bbbbbbb bbb bbhbbbhbbbb 

1 1  b  i  ■  •  •  i  ■  a  b  mmamgaifliiaa^^i 

I BBBBB BBBBB ] 


BB  B 

:::: 


BBaaBB  BBBBB  BB  B* 
flUHHBBH  BB  BB  BBB 
BBBB  BBBBB  BBB 
BBBB  BBBBB  Big 


bhbbBbbbbbbb  a  a  a  a  a  a  a  a  b  b  b  a  s  a  b 

■  a  BBB  aa  BBBB  H  BBBB  BBBB  a  ■  BH  RHHHHMMhI 
■■■■HBHHMiiaHHHBHBHBBHHBBBHHHM BP  B 
BHHBHHHHHBH  H HHHHHHH1 BB HHHHBBH H  PBM 

BBB BBBBBBB  BBB  BBBBBBB  BBB  BB  B  BaMHMHB 

■  BBBBBBBBBBBBMiM«MMMM| 

BBBBBBBBBBBj|a 

■bbbbbbbbbbbI 

iBnaBsaaHBMMMH 

BBBBHBBaBlBBBBBBBBBHBBB— _ 

BBBBBBBBBBBBBBaBaaaflBB'v  BBBBB  r/BBBBI 

■  HBaaBaBBBBBBBBBBSBaB'>BaBBB'>§BBBBI 

.  . . . . . 

SSSSS*"”  "Sl>S3SSSS282S8838fl2Si38288S882328288882i 


HBBHBBBBH  RHBBBH  HaaUHflBf 
H  BBBBBBB  BHHHBB HHBHBHBBH 
H  BBBBBBB  HBBBHBaBBRHHHBH V 
B  BBBBBBB  HHBHHBBBBHHHHHHBI 


BBB 


BBBBBBB 

BBBBBflB 


BBBBBBB 

bbbb  hb  aaaaaBH 

MMMMBBHBHHHH 


■  a  BBBB  BB 

B  a  BBBBHH 

■HIiiibH 

9  Bbbb  hh 
lllUH 
■  IBBai 


BBBB BBBB  HB 
IBHBHBBHB  BB 
MIMNB  HB 
«««"  « 

BB 

Ehhbbbbb  98 

[bbhbbhhm 

aaaaBaM 

BBHBBHiB  Bj 
. . 

■MHI 


8888 


■hbhbbbS83888”I 

BaBBBB BBBBBBB BBB I 


|BaaBBBBHBaBBBBBHHBBRBHBBBBBBHHBBBI 
HHHH BIB BBBB BBBBBB BBB BHHHBBHBBBBHBBI 
BgBBBBBBBBBBaBBBBHHBBHBBBBBHBBBBBBI 

13838888883111 

HBHHHBaHHBj 

*???***■** i 


BBBBBBB  BB 
HBHHHBH  BB 


HM  BBBB  BB  BBB  HI 

■  aaag 


bBB 
■  BBB 
BB  BBB 


■  BBB 

is::  :: 

■  ■BBS  IBM  . 

ibb  aaaa  ag  aaar.ai 


BBBB  8g  BBBr.BB 
BBBB  BB  BBBBBB 


. . . . 


BB  Hal 
|»| 


:: 


i: 


:::: 

::: 


i  v.vmm 

::::::  * 

BHHBBO  g 


'm 


I|Baaa  aaBHBaaBHRBBaaBBag 
■BBBB  BBRIHBHHHMHHBRHHHH 
T  BBB  BBBIBBBBBBBBBBHIBB 

ib  aaa  aaaaBanaaHBaiaaaa 

Una  ■■aaiaBBaaRBaBBBaa 
BBBBBRBB BBBBBBBBBBBI 

S|p  BBRBBHH  BBM  BHHHBBBI 
Ib  a BBBBBB BBB  BHBHBBBI 
■BB  BBBBBB  HBBBHBHBBB1 


IB  aaBPHMHBBMM 

IBBBHi  lftBBiiiiiiiiii 

BBB  HBHBBBBBBBBHI 


PS:::i:::ii: 

■HnUHmBBBBBBHaM 

■bh  bhbbbbhbbbhhbbhbbh 

8  BBB  BBBBBB ■■ BBBB BBBBBB 

■BB  HHBIHHR . . 

[gB_ BBB BBBBBBB BBBBB BBg 

liH 


.sms 

:  il  . 

:  ESS 
: 


BBBBBBBBBI 


■iBBBBBar  BBBBB 

1:3388833883888 

■H:::::::;:::: 

iB’iHHHBBHBBBBBFBBBNB 
BBBBB  BBB  HHHFBBBBBB 


BBBB 

:::: 

:::: 


. . . 

^^RRffimRMmaSaS^SaSSSSaaB&raaBBBaaSSi 

gBgHaBaiiBBBBBBBar.MBBBiBB^aB*' •*■■■•■■■■■  I 

8333SS38»:SSS338US3S3E^HaiiiiU 


pr«BBHBRiBBMHH 

||aaaaa||  bSbbmII 

MMMbib 

SUU3333 


laaaaBBBBaaaaaaaaaar  ai 
iBBBBr4BBBaBaaaaaBr*aa 


8  3388883883888:83333:83888 

UvUkiuMm 


■WVBHBBHHBBBj 
r/iBBumn 
*flBBBI 
B  ll||| 

r.i  Shi 

■  iflHBI 

iar  rmbi 


YiUM 

818333888 


888! 


■NHaBaHpPHH 

iiiftBaaaB^ai9iiiaiiii 


laaBaaaaBaaaBHaaoaaaaB 


BBBBBBBBBBBI 

bb^bbbbbi'bbIIM 
BWBflHBBrBBBBBBP 

d  a  a  a  h  a  a  ■  a  a  •  h  a  i 
aiigaiiiaBsaaaB^aiasBBBBaaBVBiHafla^aai 

I|HBBBg  BBBB  BBBB'jHB  BBB  BBBB 

■aa BBBBB BBBB BOflBBBf 4 iBHar4B| 


wKI::tU 

BBBBBBB aBRP4BBBBBHB 


BBBBBBB  BBBBBB  B*^BBHHBl 


IBSS1 SSP!Pii!P!!iS 

IBBB  BHB'.<BBaBBHB^BBB  BBBBB*1  ^BBBBHBBBBBBP^BBBBBMI 
IB BM  BrBHBH  BBB^B  B  BBB  BRBB^  BBRBBBHHBB  H^B BBBBBB 
IHHB' BBHBHBB^BBHHBHRBr. BBBBBBBBBBBI tfBHBBBaafl 


BBBBBB^ BBRHBHHBr4BHaBHBHBBH^«aHaBaaai 
BHHH^4HBBHBHBP4HBBHBBBBHBr4BBHHHBBHBI 
BBB^aaHHBBap^aHBaBaaBBBr^aaHBBHHRaaai 


—  ■■■  B  B  ■■■.Bill*.  IIIIIMIRIIFJIIIIIRPJIIII 

iBiigiiBSaB'.BBaa^BBBRBuiBBRirBRBBBBB^BaBRaaNHmilHHmmHHHHHH 

I  aBaaBaBHB’,HBHB0aaBar4HHHBB^HBHBBHr4BHHaa  BBBBBB  BBBB  RHB^BBBHaHBHBaaasr^HBI 
lBHBHHHHB'.BBBB^BBBBr4HaHHP4BaBBiB^HHBBHHBUMHMMMftgUMMUUU&gaU|j 
Ibhbbbhb'^bbbb  ^  bbb  h^BB  rb  ■'sbbbbbb  ^BBBBBBB*’ Bl 
liaBBa*iHBir4HBa*4aiiii*>BHiai*^iHaiiB*^B9MHMIIMH 

■■■■■■■■■■■'.iaRiaR’'iHBIHRBI^||fl||||||B|J 
||B  jBBa^BBBB^aaBB^jijggBrBl  jSiB^^BBBBBBBr^BBj 


•  ■■••'^HHHPBHgHPaHHHHBBHRHBB^BBI 

■aBvBBarBHBaoBBaHB^BBBHB'.BaaBaHHHMHHHH 
■  B  BB  BB  ".BBB  BUBB  a  BB.BHB  ■  arBH  Bfi a  BBBBBBaiBirTiBBBal 
^ BBBBBBB BP BBBB BBBBB BBBBB BBBB BB  BBBHBB^BBgBgHBHj 

BBBB'BBBarBBBBrBaiBB^BBBHBB^flBaaRBB^BaaaaBBaaBSHHHHHH^H^^HHi^H^^WHIiH 

BHPBB BBBBB BBBHBBBrB B BH BBBBBBB HBBBBBBBBBH pP'oBBB BBB BHBBBr BBBB BBBBBBBBBBHBBTBaHartl  BBB 
■BBBB BBBBBBB BBBBIBBB MB CBB BBBB B^BHRHRBHB'^BBa BBBBBB B Bl^aBHRai BBBB HBg B*  mmHHBHHBBBBB 
r-*BBBBBHB  <HHBB,^BBHBB'CBBHBHBBi<BHHHHBBBi*HBHBBHgHBB^i«BBHBBHHBBBBHHB^S*g  HBBBBHHBHHBB 

SBBB^.BBB  BBB  HBBBBBHBBb  BBBBB  *BBBBBBBB^««BBBBBBBBBBlTi«BB  BBBBBB  BBBBBgSgBgggBBBgggBBBBBBBB 

■  B^HaB^BBBBwBBHB^BBIMHB^BaHBiBBB^BBaHRaBHaBr^BBRBaHBMBHMAMMIIIIIIII  •MHHHHH 


niitr.iiiiKwmm 

BB^BiBBHBBBHBBHBB^BB 

■■■IBBB^BBa  BBBBBB  BBBI 

1-bbbbbbbbbhmbbbI 

■aBHBHBBaHBB'2«l 
BBBHHBBBr^BBHHB  1 

|;;::;s::::::i::j 


rBHBBBBBB*:  BBB BB^BBBRB^iB BBBB RB*t BBBBBBB BBB'^«BRBBBRBBBRB'«,BBBflB HR HHBBBBBB I 

BBB’^BBBB^MBBB’iBBHBBJ  BBBBBB**  iBBBBBHBBB^i»BHHHBHBBB*5***BBBHHBHBBBBBBHBBBB^^H _ _ 

BBBBiBiaBMBiBBBB*t-BBBBBB5BBHBBBBBBr:-BBHBHHHB«*5-BBBgBiHBHBaaBliBB;=»«BBiiilggiaiBgHa7E05paB»=5riiilBaI 

5«is:s:sissg:si::8::;isi::s;!:5a:si:;:;iis:j:s:sSs8?-;;::;i88Sji:sKsss8s:iss8gg!5KaKiisasiin 


iBHBr^BBBBaiBl 

bm888h88S3| 


ixusiti :::» 

BBBBB^^BBHBBBHBBB  BBBHBBBB^m 


!38Hp!!!«aHaaaaaai 


RliaaaB*'. 

883:883888 

1  BBB ■■BBBBB 
BBBBBBBBHB 
BBBBBHBBMB 
HBBBHBHHBB 

■bbbbhb»'«b 

!BgB*'.«BBBB 

fHHBBBBaiBaBBflC^?7BBi8S3BSBB33 

IRBaiMHBHP'^aaHHBHIHBIBBBBai 

;BBBIBHiBrZ«BBBBBH5aBBBaaBUpBaial 
AU|iMflfii|iB|||H|HaiSaMa«Baa  I 

■SSHSSSasy 

■  BBBBBaBBB  mM 


bbbbbBI 

BBBBHHB] 

BBBBtBBffVra 

Ib^BBBBBBBBI 

Bsssysuu 


BBBiBpBriBBHB»Z»BBBB";-«BBBHHB"r--*HHBBBBBBBB»**rxI«BBBBBBHBBBBBHiBBHBBi 
^Sbb^SbBPB -  «•■  BBB  BS^BBBpBB**“i«»B  BBBBBBB  ■•‘ISSgBHHPBBB  MB  BBBB  BBBB  BB*B****?!rSS] 

a»22«iBi»*"S2ii»"!!"!«Bii2*"=!£SSRRBgSS3Sa333<»SBBMg2222Bggggg3S38S3§8SSS^^^^^^^^I 

BBB-;i,aB^“5««BB«-=Si.«8BBBB«--r==S»»aaBBgBBBPBBBaBBaa«»---!:r==SS55i««»i*M«««BBBiWiBg 

i--=£---^---rrr^ii--2BBBB.B  — —  — rrr  =  -^.  — --fllllliHpgBBBBHHHaaBHBHBBHHBBBBBBBBi 


40  60 


60  100  120 
BASE  WIDTH  IN  FEET 


WHERE. 

A  s  AREA 

R  =  HYORAUUC  RADIUS 


l- *~b  —-*-1 


TRAPEZOIDAL  CHANNELS 
CK  VS  BASE  WIDTH 
SIDE  SLOPE  2  TO  I 

HYDRAULIC  DESIGN  CHART  6I0“3 


WES  2-94 


WSS  9-54 


(scNvsnOH  i)  jo  sjmvA 


Ck  =  arS/3 


WHERE 
A  =  AREA 

R  =  HYDRAULIC  RADIUS 


r* - 6 - H 
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HYDRAULIC  DESIGN  CRITERIA 


SHEEPS  610-8  TO  610-9/1-1 
OPEN  CHANNEL  FLOW 
RECTANGULAR  SECTIONS 


1.  Hydraulic  Design  Charts  610-8  to  610-9/1-1  are  aids  for  reducing 
the  computation  effort  in  the  design  of  rectangular  channels.  'Rxese  charts 
are  useful  also  in  the  backwater  computations  presented  on  Chart  010-2. 

2.  Basic  Equations.  Chart  610-8  shows  plots  of  normal  depth  (y0) 
with  respect  to  discharge  per  foot  of  width  (q )  for  wide  rectangular  sec¬ 
tions  where  the  side  wall  effect  may  be  neglected.  Normal  depth  curves 
ar-  shown  for  Manning's  n  of  0.011  and  0.013  and  for  slopes  of  0.01  to 
0. 50.  The  roughness  and  slopes  values  are  those  commonly  used  In  the  de¬ 
sign  of  spillway  chutes.  The  curves  are  computed  from  a  variation  of  the 
Manning  formula  for  open  channel  flow. 


q  » 


where 

1.486  S1'2 

c  - - - - 


Critical  depth  (yc)  with  respect  to  q  Is  also  plotted  on  this  chart. 
Critical  depth  in  rectangular  channels  is  a  function  of  unit  discharge  only 


3.  Charts  610-9  through  610-9/1-1  in  conjunction  with  Charts  610-1 
and  -l/l  can  be  used  to  determine  normal  depths  (y0)  for  any  rectangular 
channel.  These  charts  are  similar  to  Charts  610-2  to  610-4/1-1  and  were 
developed  in  the  manner  described  in  paragraph  2  of  Sheets  610-1  to  610-7. 

4.  Application.  Preliminary  design  of  rectangular  channels  for 
uniform  subcritical  or  supercritical  flows  is  readily  determined  by  use  of 
the  charts  in  the  following  manner: 

a.  Two-dimensional  flow.  For  wide  channels,  y0  and  yc  can  be 
obtained  directly  from  Chart  610-8  for  given  values  of  n  , 

S  ,  and  q  . 


610-8  to  610-9/1-1 
Revised  5/59 


b.  Three-dimensional  flov.  For  all  channels,  Charts  610-9 
through  610-9/1-1  can  be  used  in  the  manner  described  in 
paragraphs  3a,  b,  and  c,  Sheets  610-1  to  610-7.  Critical 
depth  can  be  obtained  from  Chart  610-8. 

c.  Normal  depth  for  three-dimensional  flow  can  also  be  computed 
from  Chart  610-8  by  use  of  the  following  table: 


*/d2  d  /d£ 


“/  “2 

“3'“  2 

2 

1.38 

5 

1.17 

10 

1.07 

15 

1.05 

25 

1.03 

where 

b  =  channel  width  in  ft 
dg  =  two-dimensional  flov  depth  in  ft 
d^  =  three-dimensional  flow  depth  in  ft. 
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BASIC  EQUATION 
Ck=  AR2/3 

WHERE 
A=  AREA 

R  =  HYDRAULIC  RADIUS 

OPEN  CHANNEL  FLOW 

>  Ck  vs  base  width 

; - - J - RECTANGULAR  SECTIONS 

BASE  WIDTHS  OF  200  TO  600  FT 

HYDRAULIC  OESIGN  CHART  610-9/1 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  623  TO  624-1 
SUBCRITICAL  OPEN  CHANNEL  FLOW 
DROP  STRUCTURES 


1.  Purpose .  A  channel  invert  slope  can  vary  from  a  maximum  de¬ 
fined  by  a  line  connecting  the  crests  of  two  drop  structu".s  to  a  mini¬ 
mum  fixed  by  the  elevation  of  the  end  sill  of  the  upstream  structure, 
the  elevation  of  the  crest  of  the  downstream  structure,  and  the  distance 
between  the  two  structures .  The  minimum  slope  should  be  that  which  re¬ 
sults  in  stable  channel  conditions. 

2.  Hydraulic  Design  Charts  (HDC's)  623  to  624-1  present  design 
criteria  for  drop  structures  in  subcritical  flow  used  to  prevent  channel 
degradation.  The  criteria  shown  in  HDC  623  are  recommended  for  drcns 
where  the  unit  discharge  is  large  relative  to  the  drop  height.  The  de¬ 
sign  criteria  shown  in  HDC  624  and  624/l  are  recommended  for  drop  struc¬ 
tures  where  both  the  unit  discharge  and  drop  height  are  large  and  where 
optimum  energy  dissipation  is  required  to  reduce  downstream  erosion. 

In  most  cases  economy  of  construction  is  the  deciding  factor. 

3.  Background.  The  accepted  relation  between  the  height  of  drop 
h  (difference  in  elevation  between  the  crest  and  the  end  sill  of  the 
drop  structure),  critical  depth  dc  at  the  drop,  and  the  required 
stilling  basin  length  Lg  is  attributed  to  Etcheverry L  and  defined  by 
the  equation 


where  Cg  is  an  empirical  jvx on  length  coefficient.  Studies  by  Morris 
and  Johnson^  resulted  in  design  of  the  CIT  (California  Institute  of 
Technology)  structure  restricted  to  h/dc  ratios  greater  than  1.0. 
Subsequent  studies  by  Vanom  and  Poliak^  included  ratios  as  low  as  0.3. 
While  initial  research  efforts  were  directed  toward  erosion  control  in 
gullies,  subsequent  application  has  been  mostly  in  alluvial  streams. 

4.  Donnelly  and  Blaisdell^  investigated  drop  structures  having 
h/dc  ratios  from  1  to  15  and  developed  the  SAF  drop  structure  for  pri¬ 
mary  use  in  the  control  of  erosion  in  gullies.  The  major  difference 

in  CIT  and  SAF  structures  is  the  difference  in  tailwater  depths,  i.e. 
shallow  and  deep,  respectively. 

5.  CIT -Type  Drop  Structures.  Extensive  WES  tests^  on  the  CIT- 
type  structure  resulted  in  the  design  criteria  given  in  HDC  623.  The 
Vanoni  and  Poliak  results  appear  to  correlate  well  with  the  WES  tests. 
WES  tests  showed  that  optimum  structure  performance  is  obtained  if  the 


623  to  624-1 


structure  is  designed  to  have  a  tailwater- critical  depth  ratio  between 
1.25  and  I.67.  This  results  in  a  strong  ground  roller,  a  confined, 
strong  and  stable  surface  roller,  and  a  depressed  secondary  roller  down¬ 
stream.  Curved,  upstream  abutment  walls  are  recommended  for  narrow 
channels  to  help  prevent  concentration  of  the  flow.  For  wide  channels 
with  flow  width  2:20  times  the  depth,  rectangular  abutments  are  satisfac¬ 
tory.  Stilling  basin  training  walls  should  be  sufficiently  high  to  pre¬ 
vent  the  tailwater  returning  over  the  walls  into  the  stilling  basin. 

Wing  walls  at  the  end  of  the  basin  are  not  recommended.  The  channel 
edge  should  be  recessed  as  indicated  in  HDC  623. 

,  k  g 

6.  SAF-Type  Drop  Structures.  The  SAF-type  drop  structure  5 

(HDC’s  624  and  o24-l)  is  recommended  for  designs  having  large  unit  dis¬ 
charges  and  drop  heights.  The  basic  layout  is  shown  in  HDC  624.  The 
primary  controlling  parameter  in  this  design  is  the  location  at  which 
the  upper  nappe  of  the  falling  jet  impinges  on  the  stilling  basin  floor. 
This  is  a  function  of  the  total  fall  of  the  jet  and  the  depth  of  the 
tailwater.  Dimensionless  curves  for  determining  the  impact  location  of 
the  upper  nappe  on  the  basin  floor  are  shown  in  HDC  624-1. 

7.  The  dimensions  of  the  stilling  basin  are  computed  from  the 
following  equations. 


LB  -  Xa  +  *b  +  Xc  (2) 

where  Lb  equals  basin  length.  HDC  624  graphically  defines  the  distance 
Xa  ,  Xt,  ,  and  Xc  .  Numerical  values  of  X^  and  Xc  are  obtained 
from  the  following  equations: 


Xb  =  0.8dc 

(3) 

X  =  1.75d 
c  c 

(4) 

Substituting  equations  3  and  4  into  equation  1  results  in 

LB  -  Xa  +  2-55ac 

(5) 

with  dc  as  defined  in  paragraph  3  and  as  shown 
Laboratory  tests^-  have  resulted  in  the  following 
baffle  pier  and  end  sill  heights. 

in  HDC’s  623  and  624. 
recommendations  for 

Baffle  pier  height  =  0.8dc 

(6) 

End  sill  height  h'  =  0.4dc 

(7) 

These  tests  also  showed  that  optimum  basin  performance  occurs  when  the 
baffle  pier  width  and  spacing  effect  a  50  to  60  percent  reduction  in 
flow  width  and  the  minimum  tailwater  depth  is  not  less  than  2.15d  . 


623  to  624-1 


X 


f 


8.  Design  Discharge.  Design  discharge  for  the  drop  structure 
should  be  computed  using  the  equation 

Q  =  CLH3/2  (8) 

where 

Q  =  design  discharge,  cfs 
C  =  discharge  coefficient  =  3.0* 

L  =  length  of  the  drop  structure  crest,  ft 
H  =  energy  head  on  the  crest,  ft 

The  length  L  of  the  weir  should  effect  optimum  use  of  channel  cross 
section  upstream.  A  trial -and-error  procedure  should  be  used  to  balance 
the  crest  height  and  width  with  the  channel  cross  section. 

9*  Riprap  Protection.  Riprap  protection  should  be  provided 
immediately  upstream  and  downstream  of  each  structure.  It  is  recommended 
that  design  criteria  given  in  HOC  712-1  be  used  to  meet  stilling  require¬ 
ments  and  that  given  in  EM  1110-2-1601  (reference  7)  for  upstream  pro¬ 
tection. 


10.  References. 


(1)  Etcheverry,  B.  A.,  Irrigation  Practice  and  Engineering.  1st  ed. , 
Chapter  VII,  McGraw-Hill  Book  Company,  New  York,  N.  Y. ,  1916. 

(2)  Morris,  B.  T.  and  Johnson,  D.  C.,  "Hydraulic  design  of  drop  struc¬ 
tures  for  gully  control."  Transactions,  American  Society  of  Civil 
Engineers,  vol  108  (1943),  pp  887-940. 

(3)  Vanoni,  V.  A,  and  Poliak,  R.  E,,  Experimental  Design  of  Low 
Rectangular  Drops  for  Alluvial  Flood  Channels.  Report  No.  E-82, 
California  Institute  of  Technology,  Pasadena,  Calif.,  September 

1959- 

(4)  Donnelly,  C.  A.  and  Blaisdell,  F.  W. ,  Straight  Drop  Spillway 
Stilling  Basin.  Technical  Paper  No.  15,  Series  B,  St.  Anthony 
Falls  Hydraulic  Laboratory,  University  of  Minnesota,  Minneapolis, 
Minn.,  November  1954. 

(5)  U.  S.  Army  Engineer  Waterways  Experiment  Station,  CE,  Drop  Structure 
for  Gering  Valley  Project,  Scottsbluff  County,  Nebraska,  Hydraulic 
Model  Investigation,  by  T.  E.  Murphy.  Technical  Report  No.  2-760, 
Vicksburg,  Miss.,  February  1967. 

(6)  U.  S.  Department  of  Agriculture ,  Soil  Conservation  Service,  Engineer- 
Handbook  ,  Drop  Spillways .  Section  11,  Type  C,  Washington,  D.  C. , 

P  5-11. 


*  Reduced  for  submergence  effects  when  applicable. 


623  to  624-1 


(7)  U.  S.  Army,  Office,  Chief  of  Engineers,  Engineering  and  Design; 
Hydraulic  Design  of  Flood  Control  Channels.  Engineer  Manual 
EM  1110-2-i601,  Washington,  D.  C. ,  1  July  1970. 


623  to  624-1 


CO 


3 

_J  “* 

<  J 

yd 

H  Z 

<r  5 
0< 
CD  ft 

«z 

Ui 

a, 

o 


UI 

a: 

3 

b 

cc 

Q. 

2 

o 

UI 

CL 

> 

H 

I 

H 

U 


H 

CC 

< 

X 

z 

S2 

<o 

UJ 

Q 

y 

3 

a 

a 


z 

o 

K 

O 

u 

V) 

Ui 

z 

-I 

I 

cc 

UJ 

H 

z 

Ui 

O 


Li 

i- 

o 

z 


H 


CC  UJ  UJ  UJ  UJ  UJ  UJ 
U  I  I  X  >  J  J 
II  II  II  II  II  II  II 

i  iJ-j 


UJ 

tt 

<<rt 

w 

a 


</> 


UJI- 

in 

zJ 

Ot 

po 

a:1*- 

oo 

Q-  uj 


(UUJ 

Si 

oo 

Q.U 

UJZ 


HALF  PLAN 


d,  =  TAILWATER  DEPTH 
dc  sCRITICAL  DEPTH  WER  CREST 
h  = HEIGHT  OF  DROP 
h‘  =  HEIGHT  OF  END  SILL 


L,  =LENGTH  OF  STILLING  BASIN  =  Xa  +  *b+ Xc 
Xa  =  HORIZONTAL  DISTANCE  FROM  CREST  TO 
INTERSECTION  OF  UPPER  NAPPE  AND 
STILLING  BASIN  FLOOR 

Xb=HORIZONTAL  DISTANCE  FROM  INTERSECTION  OF 
UPPER  NAPPE  AND  STILLING  BASIN  FLOOR  TO 
UPSTREAM  FACE  OF  FLOOR  BLOCKS 
X„  =HORIZONTAL  OISTANCE  FROM  UPSTREAM  FACE 
OF  FLOOR  BLOCKS  TO  END  OF  STILLING  BASIN 


SUBCRITICAL 
OPEN  CHANNEL  FLOW 

SAF-TYPE  DROP  STRUCTURE 


REDRAWN  FROM  FIG  10,  REFERENCE  4. 


BASIC  GEOMETRY 


HYDRAULIC  DESIGN  CHART  824 


iO>f£7?  NAPPE 
(NO  TAILWATER) - 


-UPPER  NAPPE 


^■TAILWATER 

LEVEL 


V  ,T  SUBMERGED  NAPPE  \ 

V  trajectory  (tangent  ' 

0*.  AT  POINT  OF  SUBMER- 
y^UENCEj 

FREE  NAPPE  \\  A**™  TRAJECTORY  ' 
TRAJEC  TOPY-^i 


note: 

de  =  CRITICAL  DEPTH  OVER  CREST 
h  =  HEIGHT  OF  DROP 
h'  =  HEIGHT  OF  END  SILL 
Xa=  HORIZONTAL  DISTANCE  FROM  CREST 
TO  INTERSECTION  OF  UPPER  NAPPE 
AND  STILLING  BASIN  FLOOR 
yi  =  VERTICAL  DISTANCE  FROM  CREST  TO 
TAILWATER  SURFACE  (yt  IS  POSITIVE 
WHEN  TAILWATER  SURFACE  IS  ABOVE 
THE  CREST,  NEGATIVE  WHEN  TAILWATER 
SURFACE  IS  BELOW  CREST) 


REDRAWN  FROM  FIG.  2,  REFERENCE  4 


SUBCRITICAL 
OPEN  CHANNEL  FLOW 

SAF-TYPE  DROP  STRUCTURE 
JET  IMPACT  LOCATION 

HYDRAULIC  DESIGN  CHART  624-1 
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HYDRAULIC  DESIGN  CRITERIA 


SHEETS  631  TO  631-2 


OPEN  CHANNEL  FLOW 


RESISTANCE  COEFFICIENTS 


1.  General.  Because  of  its  simplicity,  the  Manning  equation  has 
been  used  extensively  in  the  United  States  in  the  evaluation  of  resist¬ 
ance  losses  in  open  channel  flow.  A  comprehensive  summary  of  the  use  of 
this  equation  in  channel  design  is  given  in  reference  1.  Flow  data  and 
Manning's  n's  for  50  natural  streams,  together  with  color  photographs  of 
the  channels,  have  also  been  published.2  The  Chezy  equation1  includes 

a  resistance  coefficient  term  that  is  applicable  to  all  flow  conditions. 
Hydraulic  Design  Chart  631  presents  a  general  resistance  diagram  relat¬ 
ing  Chezy' s  C  ,  Reynolds  number,  and  relative  roughness.  The  chart  is 
useful  in  open  channel  flow  problems. 

2.  Laboratory  and  field  investigations  have  shown  that  the  resist¬ 
ance  coefficient  varies  with  Reynolds  numbers  as  well  as  with  boundary 
surface  roughness.  Keulegan3  has  demonstrated  that  the  Von  Karman-Prandtl 
smooth  and  rough  pipe  resistance  equations  based  on  the  Nikuradse  test 
data  can  be  applied  to  open  channel  flow  with  only  minor  adjustments  in 
the  equation  constants.  A  recent  ASCE  progress  report**  recommends  a 
Moody-type  diagram  for  use  in  open  channel  flow,  especially  for  flows  in 
which  the  viscous  effects  ace  important. 

3.  Chezy  Equation.  The  Chezy  equation  is 


=  C  n/rS 


where 

V  =  mean  channel  velocity,  ft  per  sec 

C  =  Chezy  resistance  coefficient  which  is  a  function  of  Reynolds 
number  and  relative  roughness  of  channel 

R  =  hydraulic  radius  of  channel,  ft 

S  =  slope  of  energy  gradient 

4.  Resistance  Coefficient  Relations.  The  Darcy  resistance  coeffi¬ 
cient  f  (see  Hydraulic  Design  Chart  224-1)  is  defined  as 
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f  =  8rs& 

"  v2 


where  g  =  acceleration  of  gravity. 
The  relation  between  C  and  f  is 


Similarly,  the  relation  of  C  and  n  can  be  shown  to  be 

>V6 


c  = 


1.486r 


5.  Effects  of  Reynolds  Number.  The  Chezy  resistance  coefficient  C 
is  plotted  as  a  function  of  Reynolds  number  in  Chart  631.  An  auxiliary 
scale  of  Darcy  resistance  coefficient  f  is  also  shown  for  alternative 
use  by  the  designer.  The  method  of  plotting  is  a  form  of  the  Moody  dia¬ 
gram  (Sheet  224-1).  The  resistance  equations  for  smooth  and  rough  flow 
based  on  Keulegan's  results  and  recommended  by  Chow1  are  given  and 
plotted  in  Chart  631.  The  rough  flow  limit  based  on  Rouse's  pipe  flow 
criterion^  is  also  shown.  The  Keulegan  constants  were  used  in  the 
Colebrook -White  equation  (Chart  224-1)  for  the  transition  flow  zone.  The 
Reynolds  number  used  for  plotting  is 


R  = 
e 


4VR 


where  v  =  the  kinematic  viscosity. 

The  use  of  this  form  of  the  Reynolds  number  is  recommended  in  the  ASCE 
task  force  report. 4 

6.  Basic  Data.  The  plotted  data  in  Chart  631  are  for  concrece- 
lined  channels.  Both  tranquil-  and  rapid-flow  data  are  presented.  The 
tranquil-flow  data  were  computed  from  U.  S.  Army  Engineer  Waterways  Ex¬ 
periment  Station  (WES)  laboratory  tests  in  brushed-concrete  flumes6>7 
and  from  field  tests  results  compiled  by  Scobey.°’9  More  recently  ob¬ 
tained  U.  S.  Bureau  of  Reclamation  (USBR)1®  and  Italian11  field  data  have 
also  been  included.  These  data  were  selected  on  the  oasis  of  accuracy  of 
flow  measurements  and  conditions  of  concrete  channel  lining.  Tests  at  the 
University  of  Iowa1^  indicate  that  the  energy  loss  in  flows  having  Froude 
numbers  greater  than  1.6  becomes  a  function  of  the  Froude  number  and  den¬ 
sity  and  size  of  roughness  elements.  Additional  energy  loss  is  caused  by 
instability  of  the  flow.  The  plotted  data  points  based  on  prototype  tests 
at  the  Fort  Randall13  and  Fort  Peck1 1  spillway  chutes  are  foi  rapid  flow 
with  Froude  numbers  exceeding  the  stability  criterion.  These  data  repre¬ 
sent  the  only  known  available  measurements  at  Re  numbers  approaching  108. 
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7.  Suggested  Design  Criteria. 

a.  Resistance  coefficients.  The  data  plotted  in  Chart  631  can 
be  used  for  guidance  in  the  design  of  concrete-lined  channels 
with  subcritical  velocities.  Resistance  coefficients  for 
these  channels  generally  are  in  the  transition  zone  shown  in 
the  chart.  The  flow  regime  is  seldom  hydraulically  smooth  or 
fully  rough  and  the  resistance  coefficient  is  usually  a  func¬ 
tion  of  both  the  Reynolds  number  and  the  relative  roughness. 
Chart  631-1  is  a  plot  relating  Chezy  C,  Manning's  n,  the 
equivalent  roughness  ks  ,  and  the  hydraulic  radius.  Theo¬ 
retically  it  is  only  applicable  to  rough  flow  conditions. 

This  chart  should  be  useful  for  relating  C  and  n  for  the 
design  of  channels  with  riprapped  banks  (Charts  631-4  and 
631-4/1),  The  equation  for  n  on  Chart  63I-I  was  developed 
by  solving  the  rough  flow  equation  given  in  Chart  631  in 
terms  of  Manning's  n. 


h 


vv 


b.  Equivalent  roughness  ks  .  In  the  use  of  Chart  631,  a  value 


s  (equivalent  sand  grain  diameter)  has  to  be  specified 


of  k 

for  the  prediction  of  resistance. 


The  hydraulic  roughness 


ks  in  pipe  flow  is  dependent  only  on  the  type  of  construc¬ 
tion  or  the  surface  finish  specified.  However,  in  open 
channel  flow  it  includes  the  effects  of  secondary  flow  re¬ 
sulting  from  boundary  geometry  and  to  a  lesser  extent  the 
free  water  surface.  Experimental  data  for  correlation  of 
surface  texture,  channel  geometry,  and  the  resulting  hydrau¬ 
lic  equivalent  roughness  ks  are  very  limited.  However, 
considerable  variation  in  the  selected  ks  value  results 
in  only  small  changes  in  the  flow  energy  loss. 

(l)  The  following  tabulation  presents  average  ks  values 
resulting  from  different  types  of  concrete  forming 
and  surface  finishing.  It  is  based  on  computations 
made  from  the  open  channel  resistance  data  plotted  in 
Chart  631. 


Average 
ks  ,  ft 

0.0006 


0,002 


Concrete  Surface  Finish 


l8-year-old,  10-ft-wide  rectangular  aqueduct. 
Troweled  sides  and  float-finished  bottom 
(ref  9) 

Laboratory  rectangular  and  trapezoidal  chan¬ 
nels,  brushed  concrete  finish  (refs  6  and  7). 
Field  channels,  smooth,  troweled  cement 
finish  (refs  8,  9,  and  11) 


(Continued) 
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Average  ’  - 

_ Concrete  Surface  Finish _ 

0.Q03  ,  10-  to  20-year-old,  8-  to  50-ft-wide  trape¬ 

zoidal  channels  constructed  -with  modern  rail- 
mounted  slip  traveling  forms  (ref  10) 

0.005  Screed-finished  spillway  chute  blocks  with 
transverse  joints  at  20-  to  25-ft  intervals 
(refs  13  and  14) 

The  tabulation  above  can  be  used  for  selecting  design 
ks  values  if  the  concrete  forming  and  surface  finish¬ 
ing  can  be  obtained  with  good  assurance.  For  general 
design  computations  the  following  ks  values  for  con¬ 
crete  are  suggested: 


Design  Problem _  Suggested  ks  Value,  ft 


Discharge  capacity  0.007 
Maximum  velocity  0.002 
Proximity  to  critical  depth* 

Subcritical  flow  0.002 
Supercritical  flow  0 .007 


*  To  prevent  undesirable  undulating  waves,  flow-depth- 
to-critical  depth  ratios  between  0.9  and  1.1  should 
be  avoided. 


The  determination  of  the  equivalent  surface  roughness 
for  riprap  channels,  rubble  masonry,  or  other  large 
roughness  protrusions  should  be  based  on  some  estimate 
of  the  mean  protrusion,  riprap,  or  rock  size.  Use  of 
the  D50  (mean)  size  as  ks  ,  based  on  equivalent  sphere 
weight,  is  a  good  approximation  for  stone  riprap. 


8.  Application.  Chart  631-2  is  a  sample  computation  sheet  illus¬ 
trating  the  use  of  Charts  631  and  63I-I. 
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GIVEN: 

Concrete-lined  channel 

Shape,  trapezoidal 

Invert  elope  (S)  =  0.0004 

Flow  depth  (D)  =  12  ft 

Side  elope  =  1  on  2 

Water  temperature  =  60  F 

Discharge  (Q)  =  15,000  cfe 

Conetruetion,  rail-mounted  traveling  forme 

From  tabulation  of  equivalent  roughneee  (par. 
From  Chart  001-1,  v  =  1.22  x  10"5  ftVeec  a 


REQUIRED: 

Equivalent  roughneee  ks 
Chezy  C 
Baee  width  B 
FroudeNo.  <0.85 
Cheek  Manning’s  n 


7b(1),  Sheet  e  631  to  631-2),  kj  =  0.003  ft 
60  F 


TRIAL  COMPUTATIONS 


1. 


Aeeume  baee  width  B  = 
v  Q  15,000 


50  ft 

*  16.9  ft/eee 


r  ,iVR,iiMm,t7S>107 

*  v  1.22  x  10*5 

r  =  vm  =  2860  c  =  148  (Chart  631) 

V  =  CVRS  =  148V8.57  x  0.0004  =  8.67  ft/ sec  <  16.9  ft/eec 


2.  Aeeume  baee  width  B  =  1 10  ft 


„  15,000 

v  '  134  x  12 


=  9.33  ft/eec 


R  = 


134  x  12 

~mr 


=  9.83  ft 


=  4(9j3)(9J3)  =  30xiQ7 

1.22  x  10*5 


F  =  3280  c  =  149  (Chart  631) 

V  -  149  V9.33  x  0.0004  =  9.34  =  9.33  ft/eec 

3.  Cheek  F  r«x;d*  No.  (F)  and  Manning’s  n 

F  -  -7^=  (wide  channel)  =  -?-rra.  =  0.48  <  0.85 
VgD  Vg(T5) 

n  =  0.0145  (Chart  631-1) 

OPEN  CHANNEL  FLOW 
RESISTANCE  COEFFICIENTS 
SAMPLE  COMPUTATION 

HYDRAULIC  DESIGN  CHART  $31-2 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  631-4  ADD  631-4/1 
OPEN  CHANNEL  FLOW 
COMPOSITE  ROUGHNESS 
EFFECTIVE  MANNING’S  n 


1.  Tables  of  recommended  roughness  coefficients  for  use  in  the 
Manning  formula  for  the  solution  of  open  channel  flow  problems  have 
been  published  in  references  1  and  2.  Chow^  includes  recommended  values 
for  channels  having  different  bed  and  bank  materials.  In  wide,  shallow 
channels  the  bed  roughness  effects  predominate.  Conversely,  in  narrow 
deep  channels  the  bank  roughness  is  the  primary  factor  contributing  to 
the  flow  energy  losses. 

2.  Basic  Data.  Procedures  for  computing  the  effective  roughness 
coefficient  n  to  be  used  in  the  Manning  formula  for  channels  with  dif-  ^ 
ferent  bed  and  bank  roughnesses  have  been  developed  by  Horton, 3  Colebatch.H 
Einstein, 5  and  the  U.  S.  Army  Engineer  District,  Los  Angeles,  California.® 
In  each  case  the  effective  n  value  is  a  function  of  the  bed  and  bank 
roughnesses  and  their  respective  segments  of  the  wetted  perimeter  or  flow 
area.  In  their  simplest  form,  the  equations  for  effective  n  values 

can  be  written  as 


n 


ZnA 
eff  ~  IA 


(Los  Angeles  District)  (l) 


3/2  2/3 

■  P^P1]  (Horton  or  Einstein)  (2) 


3/2  ■ -2/3 


a  =  rsCafilAll 

eff  L  EA  J 


(Colebatch)  (3) 


A  and  P  are  the  channel  flow  subareas  and  wetted  perimeter  segments, 
respectively;  n  is  the  respective  Manning  roughness  coefficient  for  each 
segment  considered. 

3.  Study  of  the  equations  given  in  paragraph  2  indicates  that  for 
channels  with  smooth  inverts  and  rough  banks,  use  of  the  Horton-Einstein 
equation  results  in  more  conservative  design  t:  an  use  of  either  the  Cole- 
batch  or  the  Los  Angeles  District  equation.  Laboratory  and  field  investi¬ 
gations  are  needed  for  complete  evaluation  of  the  equations .  The  use  of 
the  Horton-Einstein  equation  is  suggested  for  design  purposes  pending  avail¬ 
ability  of  additional  test  data. 
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4.  For  rectangular  or  trapezoidal  channels,  equation  2  can  be 
written  in  the  form 

,3/2pi  +  ai3/2p_'2^ 


nr 


n 


eff 


P1+2P2 


(4) 


where  the  subscripts  1  and  2  refer  to  the  bed  and  bank  wetted  perimeters, 
respectively.  The  terms  are  further  defined  in  the  sketch  in  Hydraulic 
Design  Chart  631-4/1. 

5.  Application.  Chart  631-4  provides  a  rapid  graphical  method 
for  determining  the  solution  of  equation  2  to  obtain  an  effective  n 
value  for  use  in  the  design  of  uniform  channel  sections  with  different  ■ 
bed  and  bank  roughnesses .  The  ordinates  of  the  chart  indicate  the  bed, 
bank,  and  combined  effective  roughness  coefficients.  The  abscissas  are 
values  of  the  ratio  of  the  bed  and  bank  wetted  perimeters.  The  effective 
n  value  is  determined  in  the  following  manner.  The  chart  is  entered 
vertically  from  the  bottom  with  the  given  value  of  2P2/Pi  to  its  inter¬ 
section  with  an  imaginary  line  connecting  n-^  and  n2  .  The  value  of 
nefj  at  this  point  is  read  on  the  right  side  of  the  chart. 

6.  Chart  631-4/1  can  be  used  to  obtain  the  required  wetted  perimeter 
ratio  for  use  with  Chart  631-4.  Chart  631-4/1  presents  bank-bed  wetted 
perimeter  relations  for  trapezoidal  and  rectangular  channel  sections  as 
functions  of  the  bed  width,  flow  depth,  and  bank  slope.  These  charts  can 
be  used  with  Charts  631  and  631-1  for  the  design  of  channels  with  riprapped 
banks. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  660-1 
CHANNEL  CURVES 
SUPERELEVATION 


1.  Purpose.  Flows  in  curved  channels  result  in  increases  in  depth 
along  the  outside  channel  walls  with  corresponding  decreases  along  the  in¬ 
side  walls.  The  difference  in  the  water-surface  elevations  between  the 
channel  center  line  and  the  outside  wall  is  called  the  flow  superelevation. 
This  rise  in  water  surface  is  a  function  of  the  channel  shape,  velocity, 
width,  and  radius  of  curvature.  Chart  660-1  presents  a  graphical  means  of 
estimating  superelevation  for  various  combinations  of  channel  velocities, 
widths,  and  radii  of  curvature. 

2.  Design  Controls.  Channel  capacity  (wall  heights)  should  be  based 
on  the  maximum  expected  resistance  (friction)  factor.  The  curve  geometry 
and  flow  superelevation  should  be  based  on  the  minimum  expected  resistance 
factor.  This  design  combination  should  result  in  economically  conservative 
design  for  all  flows. 


3.  Design  Equations.  The  transverse  rise  in  water  surface  of  flow 
in  a  channel  bend  can  be  adequately  described  for  both  tranquil  and  rapid 
flow  using  an  equation  adapted  from  the  centrifugal  force  equations. 


-fly  = 


(1) 


where 

£y  =  the  rise  (superelevation  plus  surface  disturbances)  in  water 

surface  between  the  channel  center  line  and  the  outside  wall,  ft 

C  =  a  coefficient  depending  upon  flow  Froude  number,  channel  shape, 
and  curve  geometry 

V  =  average  channel  velocity,  fps 

W  =  straight  channel  water- surface  width,  ft 

2 

g  =  acceleration  of  gravity,  ft/sec 
r  =  radius  of  curvature  at  center  line,  ft 

The  following  tabulation  relates  the  coefficient  C  with  flow  conditions, 
channel  shape,  and  curve  geometry.  These  relations  are  also  shown  by  the 
sketches  in  Chart  660-1. 


660-1 


Tranquil 

Tranquil 

Rapid 

Rapid 

Rapid 

Rapid 

Rapid 

Curve  Design. 


Channel 


Rect 

Trap. 

Rect 

Trap. 

Rect 

Trap. 

Rect 


Curve 

Geometry 


Simple 

Simple 

Simple 

Simple 

Spiral  transition 
Spiral  transition 
Spiral-banked 


Coefficient 
C  Value 


Tranquil  flow.  The  required  increase  in  the  outer  wall 
height  in  a  channel  curve  over  that  of  the  straight  channel 
for  both  rectangular  and  trapezoidal  channels  is  obtained 
from  Chart  660-1  using  a  C  value  of  0.5.  The  inner  wall 
height  should  remain  that  of  the  straight  channel.  The  un¬ 
balanced  flow  condition  in  the  curve  causes  helicoidal  flow 
that  can  result  in  undesirable  scour  and  deposition  in  and 
downstream  from  the  curve.  Tests  by  Shukryl  indicate  that 
helicoidal  flow  can  be  minimized  if  the  curve  radius  is 
greater  than  three  times  the  channel  width. 

Rapid  flow.  Rapid  flow  in  a  simple  circular  curve  results  in 
a  transverse  rise  in  the  water  surface  approximately  twice 
that  occurring  with  tranquil  flow.  This  increase  results 
from  surface  disturbances  generated  by  changes  in  direction. 
These  disturbances  persist  for  many  channel  widths  downstream 
of  the  curve.  Superelevation  for  rapid  flow  can  be  estimated 
from  Chart  660-1  using  the  appropriate  C  values  given  in  the 
tabulation  above  or  in  the  chart.  A  detailed  analysis  of  the 
cross  waves  generated  in  simple  curves  is  given  by  Ippen.^ 

The  criterion  for  minimum  radius  of  a  simple  curve,  based  on 
structures  built  by  the  Los  Angeles  District,  is: 


rmin  gy 


with  y  equal  to  the  flow  depth  for  the  minimum  expected 
friction  factor  (Chart  631).  This  criterion  is  recommended 
for  rapid  flow  curves  with  or  without  invert  banking.  A 
similar  criterion  for  maximum  allowable  superelevation  for 
acceptable  flow  conditions  in  rectangular  channels  is 


=  O.O^f 

max 
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Invert  banking.  Invert  banking  maintains  flow  stability  in 
curved  channels  and  when  used  with  spiral  transitions  results 
in  minimum  total  rise  in  water  surface  between  the  channel 
center  line  and  outside  wall.  It  is  limited  to  channels  of 
rectangular  cross  sections.  The  invert  is  usually  banked  by 
rotating  the  bottom  about  the  channel  center  line.  The  in¬ 
vert  along  the  inside  wall  is  depressed  by  Zy  below  the 
center-line  elevation  with  a  corresponding  rise  along  the 
outside  wall.  The  banking  upstream  and  downstream  from  the 
curve  should  be  accomplished  linearly  in  accordance  with  the 
spiral  transition  lengths  determined  from  equation  3  of 
Sheets  660-2  to  660-2/4.  Wall  heights  on  both  sides  of  banked 
curves  are  usually  designed  to  be  the  same  as  the  wall  height 
of  the  straight  channel.  Banking  of  trapezoidal  channels  is 
not  practicable.  Such  channels  should  be  designed  wherever 
possible  to  have  long  radius  curves  resulting  in  minimum 
superelevation . 
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1.  Purpose.  Spiral  transitions  are  used  to  provide  gradual  change 
in  channel  curvature  for  rapid  flow  entering  and  leaving  circular  bends. 1 
The  compound  circular  curve  has  also  been  used  for  this  purpose. 2  Use  of 
spiral  transitions  eliminates  the  surface  disturbances  discussed  in  Sheet 
660-1  and  minimizes  required  wall  height  increases  or  channel  banking. 

2.  Spiral  Transitions.  Spiral  curves  involve  the  solution  of  cubic 
equations  by  complex  procedures,  extensive  successive  approximation,  or 
computers.  The  Los  Angeles  District  (LAD)  has  prepared  extensive  spiral 
tables  for  easier  manual  design  of  rapid  flow  channels. 3  HOC  660-2  to 
660-2/1*  summarize  these  tables  and  illustrate  their  application  to  channel 
design. 

3.  The  LAD  spiral  is  a  modification  of  Talbot's  railroad  spiral  and 
consists  of  a  series  of  compounded  circular  arcs  of  12.5-ft  lengths.  The 
spiral  has  varying  radii,  decreasing  in  finite  steps  from  the  beginning  of 
the  spiral.  The  curve  geometry,  equations,  and  the  definitions  used  to  de¬ 
velop  the  LAD  tables  are  given  in  Chart  660-2.  Two  equal  spirals  are  shown, 
one  upstream  and  one  downstream  of  the  circular  curve.  The  central  angle 
of  the  first  arc  (6X)  establishes  the  shape  of  the  spiral.  The  central 
angle  subtended  by  a  spiral  of  n  number  of  arcs  is  given  by: 

As  =  n26x  (1) 

where 

As  =  total  central  angle  at  the  n^  arc  of  the  spiral,  sec 
n  =  number  of  arc  lengths  of  12.5  ft  each 

6X  =  central  angle  of  the  first  arc,  sec 

4.  Unbanked  Curves.  The  minimum  length  of  spiral  recommended  by 
Douma^  for  an  unbanked  curve  is 

L  =  1.82  (2) 

«•/ mr  '  ' 
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where  V  and  y  are  the  velocity  and  flow  depth,  respectively,  computed 
using  a  minimum  resistance  coefficient  (Chart  631)  and  W  is  the  water- 
surface  width. 

5.  Banked  Curves.  The  minimum  spiral  length  recommended  by  Gildea 
and  Wong  5  for  banked  curves  is: 


L  =  30Ay 


(3) 


where  Ay  is  the  rise  in  water  surface  between  the  channel  center  line  and 
the  outside  wall.  Use  of  this  criterion  will  not  usually  result  in  free 
drainage  of  a  channel  banked  by  rotating  the  invert  about  the  center- line 
elevation. 


6.  Unequal  Spirals.  Unequal  spiral  lengths  at  the  beginning  and  end 
of  the  circular  curve  may  be  required  to  meet  special  field  conditions. 

The  geometric  relations  between  the  spirals  and  the  circular  curve  are 
given  in  Chart  660-2/1.  With  these  relations  determined,  the  design  for 
each  spiral  proceeds  as  in  the  case  of  equal  spirals. 

7.  Spiral  Design  Tables.  The  original  LAD  tables  have  been 
abridged  and  are  presented  in  Chart  660-2/2.  The  chart  should  be  adequate 
for  design  purposes  and  for  preparation  of  contract  drawings.  Values  of 
spiral  lengths  L  ,  tangent  distances  X  ,  and  offsets  Y  are  tabulated 
for  n  number  of  stations  for  22  spirals.  The  method  of  computing  values 
of  X  and  Y  ,  and  the  radius  r  of  the  central  simple  curve  is  given  in 
reference  3.  The  curve  number  corresponds  to  the  value  of  the  first  spiral 
arc  angle  5-^  ,  in  sec,  and  indicates  the  rate  of  change  in  curvature.  The 
minimum  spiral  length  should  be  that  which  satisfies  equation  2  (unbanked) 
or  3  (banked),  provides  optimum  fit  to  local  physical  conditions,  and  is 
commensurate  with  economy  of  construction. 

8.  Application.  The  computation  procedure  for  a  banked  invert  curve 
with  spiral  transitions  at  each  end  is  given  in  Chart  660-2/3.  The  final 
curve  layout  for  the  example  is  given  in  Chart  66 0-2/4.  In  cases  of  inter¬ 
mittent  flow  the  banking  may  result  in  an  undesirable  pool  of  stagnant 
water  along  the  inside  wall.  This  can  be  avoided  by  selecting  a  longer 
downstream  spiral.  The  length  of  this  spiral  is  dependent  upon  the  curve 
number  selected  and  the  number  of  spiral  arc  lengths  required  to  attain  a 
radius  approximating  that  computed  for  the  central  curve.  Twice  the  spiral 
length  multiplied  by  the  channel  slope  must  equal  or  exceed  the  invert 
banking  for  free  drainage. 

9.  Computer  Program.  A  computer  program  for  the  design  and  field 
layout  of  the  channel  curve  geometry  is  given  in  Appendix  V  of 

EM  1110- 2- 1601. 6 
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(r  +  O,)  -  (r  +  O.  )  COS  X 

Ts<  = - 2  ITnT^ - 

(r  +  O. )  -  (r  +  o,)  cos  x 

TSZ  ~  SIN  I  +  ^2 

WHERE 

hj  =  X,  -  r  sin  A$I 
h2  =x2-rsiN  A 52 
o,  =  Y,  -  r { 1  -  cos  AS) ) 

°2  =  Y2  -  r ( 1  -  cos  A^l 

NOTE:  SEE  CHART  660-2  FOR  SPIRAL 
AND  SIMPLE  CURVE  DETAILS 
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00  37  43 

112.499 

0.415 

9 

112.5 

3,256 

00  59  24 

112.497 

0.652 

10 

125.0 

00  46  40 

124.998 

0.568 

10 

125.0 

2,930 

01  13  20 

124.994 

0.893 

11 

137.5 

4,185 

00  56  28 

137.496 

0.756 

11 

137.5 

2,664 

01  28  44 

137.491 

1.188 

12 

150.0 

3,837 

01  07  12 

149.994 

O.98I 

i2 

150.0 

2,442 

01  45  36 

149.986 

I.56I 

13 

162.5 

3,541 

01  18  52 

162.491 

1.246 

13 

162.5 

2,254 

02  03  56 

162.479 

1-958 

Ik 

175-0 

3,289 

01  31  28 

174.988 

1.556 

Ik 

175.0 

2,093 

02  23  44 

174.969 

2.M*5 

15 

18T  -  5 

3,069 

01  45  00 

187.483 

1.913 

15 

187.5 

1,953 

02  45  00 

187.457 

3.006 

16 

200.0 

2,877 

01  59  28 

199.976 

2.321 

16 

200.0 

1,831 

03  07  44 

199-940 

3-647 

17 

212.5 

2,708 

02  14  52 

212.467 

2.783 

17 

212.5 

1,724 

03  31  56 

212.419 

4-373 

18 

225.0 

2,558 

0"  31  12 

224.956 

3.303 

18 

225.0 

1,628 

03  57  36 

224.892 

5.190 

19 

237.5 

2,423 

02  48  28 

237.443 

3.884 

19 

237.5 

1,542 

04  24  44 

237.359 

6.  ,02 

20 

250.0 

2,302 

03  06  40 

249.926 

4.530 

20 

250.0 

1,465 

04  53  20 

249.818 

7.116 

21 

262.5 

7,192 

03  25  48 

262. 4o6 

5.243 

21 

262.5 

1,395 

05  23  24 

262.268 

8.236 

22 

275-0 

2,093 

03  45  52 

274.881 

6.027 

22 

275-0 

1,332 

05  54  56 

276.707 

9.467 

23 

287.5 

2,002 

04  06  52 

287.352 

6.886 

23 

287.5 

1,274 

06  27  56 

287.134 

10.815 

2k 

300.0 

1,918 

04  28  48 

299.817 

7.822 

2k 

300.0 

1,221 

07  02  24 

299.547 

12.285 

25 

312.5 

1,842 

04  51  40 

312.275 

8.640 

25 

312-5 

1,172 

07  38  20 

311.945 

13.881 

26 

325.0 

1,771 

05  15  28 

324.726 

9.943 

26 

325.0 

1,127 

08  15  44 

324.326 

15. 610 

27 

337-5 

1,705 

05  ^0  12 

337.16s 

11.133 

27 

337-5 

1,085 

08  54  36 

336.684 

17.477 

28 

350.0 

1,644 

06  05  52 

349.604 

12.414 

28 

350.0 

1,046 

09  34  5o 

369.022 

19.485 

29 

362.5 

1,588 

06  32  28 

362.028 

13-790 

29 

362.5 

1,010 

10  16  44 

361.334 

21.641 

30 

375.0 

1,535 

07  00  00 

374.440 

15.264 

30 

375.0 

977 

11  00  00 

373-619 

23.948 

31 

387.5 

1,485 

07  £8  28 

386.841 

16.839 

31 

387-5 

945 

11  44  44 

385.874 

26.613 

32 

400.0 

1,439 

07  57  52 

399-228 

18.518 

32 

400.0 

916 

12  30  56 

398.095 

29.040 
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WES  9-70 


n 

L,  ft 

r,  a 

As 

O - 1 — "■ 

X,  ft 

y,  ft 

n 

L,  ft 

r,  ft 

S - 1 - IT 

X,  ft 

Y,  ft 

No.  56  Curve 

No.  90  Curve 

0 

0.0 

00  00  00 

0.0 

0 

0.0 

00  00  00 

0.0 

1 

12.5 

00  oc  56 

12.500 

0.002 

1 

12-5 

00  01  30 

12.500 

0.003 

2 

25.0 

11,510 

00  03  44 

25.000 

0.010 

2 

21.0 

7,162 

00  06  00 

25.000 

0.016 

3 

37-5 

7,674 

00  08  24 

37.500 

0.032 

3 

37-5 

4,775 

00  13  30 

37-500 

0.052 

It 

50.0 

5,755 

00  14  56 

50.000 

0.075 

4 

50.0 

3.181 

00  24  00 

50.000 

0..20 

5 

62.5 

4,604 

00  23  20 

62.500 

0.144 

5 

62.5 

2,865 

00  37  30 

62.499 

0.232 

6 

75-0 

3,837 

00  33  36 

74.999 

0.248 

6 

75.0 

2,387 

00  54  00 

74.998 

0.398 

7 

87.5 

3,289 

00  45  44 

87.498 

0.392 

7 

87.5 

2,046 

01  13  30 

87.45o 

0.630 

8 

100.0 

2,878 

00  59  44 

99.997 

0.584 

8 

100.0 

1,790 

01  36  00 

99-992 

0.938 

9 

112.5 

2,558 

01  15  36 

112.495 

0.830 

9 

112.5 

1,592 

02  01  30 

112.486 

1-333 

10 

125.0 

2,302 

01  33  20 

124.991 

1.137 

10 

125.0 

1,432 

02  30  00 

124.976 

1.827 

11 

137  5 

2,093 

01  52  56 

137.485 

1.512 

11 

137.5 

1,302 

03  01  30 

137-462 

2.429 

12 

150.0 

1,918 

02  14  24 

149-977 

1.961 

12 

150.0 

1,194 

03  36  00 

149.941 

3-152 

13 

162.5 

1,771 

02  37  44 

162.466 

2.492 

13 

162.5 

1,102 

04  13  30 

162.411 

4.005 

lit 

175-0 

1,644 

03  02  56 

174.950 

3.111 

14 

175-0 

1,023 

04  54  00 

174.872 

4-999 

15 

187.5 

1,535 

03  30  00 

187.430 

3-825 

15 

187.5 

955 

05  37  30 

187.319 

6.^  5 

16 

200.0 

1,439 

03  58  56 

199.903 

4.641 

16 

200.0 

895 

06  24  00 

199. ?50 

7.455 

17 

212.5 

1,354 

04  29  44 

212.369 

5.565 

17 

212.5 

843 

07  13  30 

212.162 

8-937 

13 

225.0 

1,279 

05  02  24 

224.826 

6.604 

18 

225.0 

796 

08  06  00 

224.550 

10.604 

19 

237-5 

1,212 

05  36  56 

237.272 

7.765 

19 

237.5 

754 

09  01  30 

236.911 

12.465 

20 

250.0 

1,151 

06  13  20 

249.705 

9.054 

20 

250.0 

716 

10  00  00 

249.239 

14.531 

21 

262.5 

1,096 

06  51  36 

262.124 

10.477 

21 

262.5 

682 

11  01  30 

261.529 

16.812 

22 

275-0 

1,046 

07  31  44 

274.525 

12.043 

22 

275.0 

651 

12  06  00 

273-775 

19.317 

23 

287.5 

1,001 

08  13  44 

286.907 

13.756 

23 

287.5 

623 

13  13  30 

285.971 

22.057 

2  It 

300.0 

959 

08  57  36 

299.267 

15.624 

24 

300.0 

597 

14  24  00 

298.109 

25-041 

25 

312.5 

921 

09  43  20 

311.601 

17.653 

25 

312-5 

573 

15  37  30 

310.182 

28.279 

26 

325.0 

885 

10  30  56 

323.906 

19.849 

26 

325.0 

551 

16  54  00 

322.182 

31.780 

27 

337-5 

853 

11  20  24 

336.179 

22.219 

27 

337.5 

531 

18  13  30 

334.099 

35.551 

28 

350.0 

822 

12  11  44 

348.417 

24.768 

28 

350.0 

512 

19  36  00 

345.924 

39.603 

29 

362-5 

794 

13  04  56 

360.614 

27.503 

30 

375.0 

767 

14  00  00 

372.766 

30.430 

31 

387.5 

743 

14  56  56 

384.869 

33.554 

32 

ItOO.O 

719 

15  55  44 

396.918 

36.882 

No.  71  Curve 

No 

.113  Curve 

0 

0.0 

00  00  00 

0.0 

0 

0.0 

00  00  00 

0.0 

1 

12.5 

00  01  11 

12.500 

0.002 

1 

12.5 

00  01  53 

12-500 

0.003 

2 

25.0 

9,079 

00  04  14 

25.000 

0.013 

2 

25.0 

5,704 

00  07  32 

25.000 

0.021 

3 

37.5 

6,052 

OC  10  39 

37.500 

0.041 

3 

37.5 

3,803 

OC  16  57 

37.500 

0.065 

It 

50.0 

4,539 

00  18  56 

50.000 

0.095 

4 

50.0 

2,852 

00  30  08 

50  000 

0.151 

5 

62.5 

3,631 

00  29  35 

62.500 

0.183 

5 

62.5 

2,282 

00  47  05 

62.490 

0.291 

6 

75.0 

3,026 

00  42  36 

74.999 

0.314 

6 

75.0 

1,901 

01  07  48 

7*  *997 

0.500 

7 

87.5 

2,594 

00  57  59 

87.498 

0.497 

7 

87.5 

1,630 

01  32  17 

87.494 

0.791 

8 

100.0 

2,270 

01  15  44 

99.995 

0.740 

8 

100.0 

1  426 

02  00  32 

99-988 

1.178 

9 

112.5 

2,017 

01  35  51 

112.491 

1.052 

9 

112.5 

1,268 

02  32  33 

112.478 

1.674 

10 

125.0 

l,8l6 

01  58  20 

124.985 

1.441 

10 

125.0 

1,141 

03  08  20 

124.962 

2.294 

11 

137.5 

1,651 

02  23  11 

137.476 

1.917 

11 

137-5 

1,037 

03  47  53 

137.4^9 

3-050 

12 

150.0 

1,513 

02  50  24 

149-963 

2.487 

12 

150.0 

951 

04  31  12 

149-906 

3.956 

13 

162.5 

1,397 

03  19  59 

162.445 

3.160 

13 

162.5 

878 

05  18  17 

162.360 

5.027 

lit 

175.0 

1,297 

03  51  56 

174.920 

3.944 

14 

175.0 

815 

06  09  08 

174.738 

6.274 

15 

187.5 

1,210 

04  26  15 

187.387 

4.849 

15 

187-5 

761 

07  03  45 

187.211 

7.713 

16 

200.0 

1,135 

05  02  56 

199.844 

5-883 

16 

200.0 

713 

08  02  08 

199.606 

9-355 

17 

212.5 

1,068 

05  4l  59 

212.289 

7.054 

17 

212.5 

671 

09  04  17 

211.967 

11.214 

18 

225.0 

1,009 

06  23  24 

224.720 

8.370 

18 

225-0 

634 

10  10  1? 

224.291 

13.303 

19 

237.5 

956 

07  07  11 

237.133 

9.840 

19 

237-5 

600 

11  19  53 

236.571 

15.635 

20 

250.0 

908 

07  53  20 

249.526 

11.473 

20 

250. u 

570 

12  33  20 

248.801 

18.222 

21 

262.5 

865 

08  41  51 

261.895 

13.276 

21 

262.5 

543 

13  50  33 

260.970 

21.076 

22 

275.0 

825 

09  32  44 

274.237 

15.257 

22 

275-0 

519 

15  11  32 

273-071 

24.209 

23 

287.5 

789 

10  25  59 

286.547 

17.426 

23 

287.5 

496 

16  36  17 

285.092 

27.633 

2lt 

300.0 

757 

11  21  36 

298.822 

19.789 

24 

300.0 

475 

18  04  48 

297.024 

31.359 

25 

312-5 

726 

12  19  35 

311.056 

22.354 

25 

312.5 

456 

19  37  05 

308.853 

35.397 

26 

325.0 

698 

13  19  56 

323.243 

25.129 

27 

337-5 

672 

14  22  39 

335.380 

28.123 

28 

350.0 

648 

15  27  44 

347.458 

31.341 

i 

29 

362.5 

626 

16  35  11 

359-472 

34.792 

30 

375.0 

605 

17  45  00 

371.415 

38.481 

31 

387.5 

586 

18  57  11 

383.279 

42.417 
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No.  139  Curve 


No.  200  Curve 


0 

0.0 

00  00  00 

0.0 

0 

o.c 

00  00  00 

0.0 

1 

12.5 

00  02  19 

12.500 

0.004 

1 

12-5 

00  03  20 

12.500 

0.006 

2 

25.0 

4,637 

00  09  16 

25.000 

0.025 

2 

25.0 

3,223 

00  13  20 

25-000 

0.036 

3 

37.5 

3,092 

00  20  51 

37-500 

0.080 

3 

37-5 

2,149 

00  30  00 

37-500 

0.115 

4 

50.0 

2,319 

00  37  04 

49.999 

0.185 

4 

50.0 

1,611 

00  53  20 

49.999 

0.267 

5 

62.5 

1,855 

00  57  55 

62.498 

0.358 

5 

62.5 

1,289 

01  23  20 

62.496 

0.515 

6 

75.0 

1,546 

01  23  24 

74.996 

0.615 

6 

75.0 

1,074 

02  00  00 

74.991 

0.885 

7 

87.5 

1,325 

01  53  31 

87.490 

0.973 

7 

87.5 

921 

02  1*3  20 

87.480 

1.400 

8 

100.0 

1,159 

02  28  16 

99-981 

1.449 

8 

100.0 

806 

03  33  20 

99-961 

2.084 

9 

112.5 

1,031 

03  07  39 

112.466 

2.059 

9 

112.5 

716 

04  30  00 

112.430 

2.962 

10 

125.0 

927 

03  51  40 

124.943 

2.821 

19 

125.0 

645 

05  33  20 

124.882 

4.058 

11 

137.5 

843 

04  40  19 

137.408 

3-751 

J1 

137-5 

586 

06  43  20 

137.310 

5.394 

12 

150.0 

773 

05  33  36 

149.858 

4.866 

12 

150.0 

537 

08  00  00 

149-707 

6.996 

13 

162.5 

713 

06  31  31 

162.289 

6.181 

13 

162.5 

496 

09  23  20 

162.063 

8.885 

14 

175.0 

662 

07  34  04 

174.694 

7.715 

14 

175-0 

460 

10  53  20 

174.367 

11.086 

15 

187.5 

618 

08  41  15 

187.068 

9.482 

15 

187.5 

430 

12  30  00 

186.607 

13.619 

16 

200.0 

580 

09  53  04 

199. 4o4 

11.499 

16 

200.0 

403 

14  13  20 

198.769 

16.508 

IT 

212.5 

546 

11  09  31 

211.694 

13-782 

17 

212.5 

379 

16  03  20 

210.834 

19-772 

18 

225.0 

515 

12  30  36 

223.928 

16.345 

18 

225.0 

358 

18  00  00 

222.786 

23.432 

19 

237-5 

488 

13  56  19 

236.096 

19-205 

19 

237.5 

339 

20  03  20 

234.602 

27-507 

20 

250.0 

464 

15  26  40 

248.187 

22-375 

21 

262.5 

442 

17  01  39 

260.188 

25.869 

22 

275.0 

422 

18  4l  16 

272.086 

29.702 

No. 

.  168  Curve 

No.  237  Curve 

0 

0.0 

00  00  00 

0.0 

0 

0.0 

00  00  00 

0.0 

1 

12.5 

00  02  48 

12.500 

0.005 

1 

12.5 

00  03  57 

12.500 

0.007 

2 

25.0 

3,837 

00  11  12 

25.000 

0.031 

2 

25.0 

2,720 

00  15  48 

25.000 

0.043 

3 

37-5 

2,558 

00  25  12 

37.500 

O.O97 

3 

37.5 

1,813 

00  35  33 

37.500 

0.136 

4 

50.0 

1,918 

00  44  48 

49.999 

0.224 

4 

50.0 

1,360 

01  03  12 

49.998 

0.316 

5 

62.5 

1,535 

01  10  00 

62.497 

0.433 

5 

62.5 

1,088 

01  38  45 

62.495 

0.610 

6 

75.0 

1,279 

01  40  48 

7>*.993 

0.743 

6 

75-0 

907 

02  22  12 

74.987 

1.048 

7 

87.5 

1,096 

02  17  12 

87-486 

1.176 

7 

87.5 

777 

03  13  33 

87.472 

1.659 

8 

100.0 

959 

02  59  12 

99-973 

1.751 

8 

100.0 

680 

04  12  48 

99.946 

2.469 

9 

112.5 

853 

03  46  48 

112.451 

2.489 

9 

112.5 

604 

05  19  57 

112.402 

3.510 

10 

125.0 

767 

04  40  00 

124.917 

3-409 

10 

125-0 

544 

06  35  00 

124.834 

4.807 

11 

137.5 

693 

05  38  48 

137.366 

4.533 

11 

137.5 

494 

07  57  57 

137.233 

6.390 

12 

150.0 

639 

06  43  12 

149-793 

5.879 

12 

150.0 

453 

09  28  48 

149.588 

8.285 

13 

162.5 

590 

07  53  12 

162.191 

7.468 

13 

162.5 

418 

11  07  33 

161.886 

10.521 

14 

175.0 

548 

09  08  48 

174.553 

9.319 

14 

175-0 

389 

12  54  12 

174.112 

13.123 

15 

187.5 

512 

10  30  00 

186.870 

11.452 

15 

187.5 

363 

14  48  45 

186.248 

16.117 

16 

200.0 

480 

11  56  48 

199.130 

13.885 

16 

200.0 

340 

16  51  12 

198.273 

19.527 

17 

a2.5 

451 

13  29  12 

211.323 

16.636 

17 

212.5 

320 

19  01  33 

210.164 

23.3T7 

18 

225.0 

426 

15  07  12 

223.436 

19.724 

19 

237.5 

4o4 

16  50  48 

235.452 

23.166 

20 

250.0 

384 

18  40  00 

247.356 

26.978 

1 
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F*|F*«IO  U  t  ARMY  ENGINEER  RATER*  AYS  EXPERIMENT  JTaTiQn  VIC  <»*UR5.  MUJiJJiRRi 


WES  *-70 


0.0 

00 

00 

00 

0.0 

12.5 

00 

07 

00 

12.500 

0.013 

25.0 

1,535 

00 

28 

00 

25.000 

0.076 

37.5 

1,023 

01 

03 

00 

37.1*99 

0.21*2 

50.0 

767 

01 

52 

00 

1*9-995 

0.560 

62.5 

aii 

02 

55 

00 

62.1*83 

1.082 
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CURVED  CHANNELS 

SPIRAL  CURVE  TABLES 

HYDRAULIC  DESIGN  CHART  660-2/2 
(SHEET  5  OF  5) 
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GIVEN: 


Design  Q=  15,000  cfs 

Channel  width  W  =  50  ft 

Invert  slope  S  =  0.005 

Curve  deflection  angle  I  =  45  deg 

Channel  shape  *  rectangular 

Design  controls  -  Sheets  631  to  631  -2,  par  7b(2) 


Capacity 

Equivalent  roughness  k$  0.007  ft 

Depth  y  11.26ft 

Velocity  V  26.65  fps 

Critical  depth  dc  14.0  ft 

Froude  No.  1.40 


Curve  geometry 
0.002  ft 
10.33  ft 
29.05  fps 
14.0  ft 
1.59 


REQUIRED: 

Spiral  (minimum  length)  and  simple  curve  (minimum  radius)  geometries  with  invert  banking 
COMPUTE: 


a.  Simple  curve  radius  (min) 
y2w  An o  net? 


_  4V2W  _  4{29.05r(50)  _  r(V7 

r*>"  -  — "  (5B)(i533)  50  4  "  (Eq  ' Sheet  6  ] 


9y 

b.  Approximate  banking  (Chart  660-1)  =  2  Ay 

r 


For  V  =  29.05  fps  and  =  10.14  ;  ^  =  2.6 

w  c 

Ay  =  2. 6(0.5)  =  1.3  ft 

Spiral  length  (min)  L 
L  =  30Ay  =  30(1.3)  =  39  ft  (Eq  3) 


d.  Spiral  curve  geometry 

For  r  =  507  and  L  ■=  39  u.s  spiral  curve  No.  520  (Chart  660-2/2,  Sheet  5  of  5) 

mm  r 

A,  =  02°18‘40" 


n 

1L 

r 

V 

X 

Y 

(ft) 

"W 

O 

1 

II 

(ft) 

IfiT 

1 

12.5 

00 

08 

40 

12.500 

0.016 

2 

25.0 

1,240 

00 

26 

00 

25.000 

0.095 

3 

37.5 

826 

00 

43 

20 

37.498 

0.299 

4 

50.0 

620 

01 

00 

40 

49.992 

0.693 

02 

18 

40 

*  §n  =  (2n  -  IK>,  (Chart  660-2) 
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EXAMPLE  COMPUTATION 
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HYDRAULIC  DESIGN  CHART  660-2/3 
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CHANNEL  CURVE 

EXAMPLE  COMPUTATION 

HYDRAULIC  DESIGN  CHART  860-2/3 
(SHEET  2  OF  2) 
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//. 26 ' 


FLOW  ^ 


WATER  SURFACE 


CURVE  SECTION 


HYDRAULIC  ELEMENTS  -  K  +  0.007  FT 


STA  TO  STA 

SECTION 

SLOPE 

YC,FT 

V,  FPS  |  Y,  FT 

F 

Q.CFS 

10*00  1  18+00 

SO1  RECT 

0.005 

14.0 

26.65  |  11.36 

1.4 

15,000 

......to  •*  U  *  **“•  CNClNCC.  MTtRHVl  Ex^CMfHCNT  vtCKt.u.6  MI1SMI.TC 


CURVED  CHANNELS 

EXAMPLE  PLAN  AND  PROFILE 

HYDRAULIC  DESIGN  CHART  660-2/4 
_ _  WES  #*70 


HYDRAULIC  DESIGN  CRITERIA 


SHEET  703-1 
RIPRAP  PROTECTION 
TRAPEZOIDAL  CHANNEL,  60  DEG-BEND 
BOUNDARY  SHEAR  DISTRIBUTION 


1.  Riprap  used  to  aid  in  the  stabilization  of  natural  streams  and 
artificial  channels  is  most  commonly  placed  in  the  vicinity  of  bends. 
Procedures  for  estimating  the  required  size  of  riprap  in  straight  chan¬ 
nels  have  been  presented  by  the  U.  S.  Army  Engineer  Waterways  Experiment 
Stationl  and  Office,  Chief  of  Engineers.2  No  similar  procedure  has  been 
developed  for  evaluating  riprap  size  for  channel  bends.  Hydraulic  Design 
Chart  703-1  is  based  on  laboratory  tests  at  the  Massachusetts  Institute 
of  Technology  (MIT)3  and  should  be  useful  for  estimating  relative  boundary 
shear  distribution  in  simple  channel  bends  having  trapezoidal  cross  sec¬ 
tions,  moderate  side  slopes,  and  approximately  60-deg  deflection  angles. 

It  may  also  serve  as  a  general  guide  for  riprap  gradation  in  natural  chan¬ 
nel  bends  of  similar  geometry.  Shear  distribution  diagrams  for  other  bend 
geometries  and  flow  conditions  have  been  published.3j^ 


2.  Laboratory  studies  of  boundary  shear  in  open  channel  bends  of 
trapezoidal  cross  section3>5  indicate  that  the  highest  boundary  shear 
caused  by  the  bend  geometry  occurs  immediately  downstream  from  the  bend 
and  along  the  outside  bank.  Another  area  of  high  boundary  shear  is  lo¬ 
cated  at  the  inside  of  the  bend.  The  relative  boundary  shear  distribu¬ 
tion  in  a  simple  bend  with  a  rough  boundary  is  given  in  Chart  703-1.  The 
chart  is  based  on  fig.  21  of  the  MIT  report. 3 


3-  Experimental  Data,  Laboratory  tests  on  smooth  channel  bends 
have  been  made  at  MIT, 3  at  U.  S.  Bureau  of  Reclamation,!?  and  at  the  Univer¬ 
sity  of  Iowa. 6  in  addition,  limited  tests  on  rough  channel  bends  have  been 
made  at  MIT.  In  the  latter  tests,  the  channel  was  roughened  by  fixing 
0.l8-  by  0.10-  by  0.10- in.  parallelepipeds  to  the  boundary  in  a  random 
manner  which  resulted  in  an  absolute  roughness  height  of  0.10  in.  The  MIT 
test  channel  was  2k  in.  wide  with  1  on  2  side  slopes.  The  boundary  shear 
distribution  pattern  has  been  generally  found  to  be  the  same  in  all  tests 
on  simple  curves  having  smooth  and  rough  boundary  conditions.  However, 
the  magnitude  of  the  ratio  of  bend  local  boundary  shear  to  the  average 
boundary  shear  in  the  approach  channel  appears  to  be  a 'function  of  the 
channel  and  bend  geometry.  Some  work  has  also  been  done  at  MIT3  on  boundary 
shear  distribution  in  double  and  reverse  curve  channels. 


4.  Application.  Extensive  variation  in  riprap  gradation  throughout 
a  bend  may  not  be  practical  or  economical.  However,  increasing  the  50 
percent  rock  size  and  the  thickness  of  the  riprap  blanket  in  areas  of 
expected  high  boundary  shear  is  recommended.  Chart  703-1  can  be  used  as  a 
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guide  for  defining  the  location  and  extent  of  these  areas  in  simple  channel 
bends.  The  boundary  shear  ratios  should  be  less  than  those  sh6wn  in  Chart 
703-1  for  bends  with  smaller  deflection  angles  or  with  larger  ratios  of 
bend  radius  to  water- surface  width  (r/w). 

5.  References . 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  704 

ICE  THRUST  ON  HYDRAULIC  STRUCTURES 


1.  The  expansion  of  an  ice  sheet  as  the  result  of  a  rise  in  air  tem¬ 
perature  can  develop  large  thrusts  against  adjacent  structures.  The  magni¬ 
tude  of  this  thrust  is  dependent  upon  the  thickness  of  the  ice  sheet,  the 
rate  of  air  temperature  rise,  the  amount  of  lateral  restraint,  and  the  ex¬ 
tent  of  direct  penetration  of  solar  energy.  Ice  pressures  from  3350  to 
30,000  lb  per  lin  ft(^)  have  been  used  for  design  purposes.  EM  1110-2- 
2200(3)  suggests  a  unit  pressure  of  not  more  than  5000  lb  per  sq  ft  of  con¬ 
tact  area  and  indicates  that  ice  thickness  in  the  United  States  will  not 
normally  exceed  2  ft. 

2.  Although  the  work  of  Rose(2)  stimulated  a  number  of  studies  on 
ice  pressure,  the  graphs  proposed  by  him  are  of  value  for  design  purposes. 
These  graphs  are  reproduced  in  HDC  704. 

3.  The  ice  thrust  curves  in  HDC  704  are  for  ice  thicknesses  up  to 

4  ft  and  hourly  air  temperature  rises  of  5,  10,  and  15°F.  Separate  curves 
are  presented  to  show  the  effects  of  lateral  restraint  and  solar  radiation. 
The  expected  ice  thicknesses,  air  temperature  rise,  and  possible  snow 
blanket  thickness  are  dependent  upon  geographical  location  and  elevation 
above  sea  level.  In  the  region  of  Chinook  winds  rapid  air  temperature 
rises  can  occur.  The  U.  S.  Weather  Bureau  has  recorded  a  49°F  rise  in  two 
minutes  at  Spearfish,  S.  Dak.  When  the  ice  sheet  is  confined  by  steep 
banks  close  to  the  structure,  spillway  piers,  or  other  vertical  restric¬ 
tions,  the  criteria  for  complete  lateral  restraint  should  be  used.  The 
direct  effects  of  solar  energy  on  the  thrust  are  eliminated  when  the  ice 
sheet  is  insulated  by  a  blanket  of  snow  only  a  few  inches  thick. 
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SOLAR  ENERGY  CONSIDERED 


LEGEND 

A  -  AIR  TEMPERATURE  RISE  OF  5°F 
PER  HOUR 

8  -  AIR  TEMPERATURE  RISE  OF  10'F 
PER  HOUR 

C  -  AIR  TEMPERATURE  RISE  OF  I5°F 
PER  HOUR 


NOTE:  CURVES  BY  ROSE , TRANSACTIONS . ASCE . 
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ICE  THRUSTS  ON 
HYDRAULIC  STRUCTURES 

HYDRAULIC  DESIGN  CHART  704 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  711 

LOW-MONOLITH  DIVERSION 
DISCHARGE  COEFFICIENTS 


1.  Purpose.  Several  monoliths  of  the  spillway  section  of  a  concrete 
gravity  dam  are  occasionally  left  at  a  low  elevation  during  spillway  con¬ 
struction  for  diversion  of  floodflows.  Information  on  the  discharge  char¬ 
acteristics  of  these  monoliths  is  necessary  for  determining  the  number  of 
monoliths  required  to  allow  floodflows  to  pass  safely.  HDC  711  should 
serve  as  a  guide  for  selection  of  discharge  coefficients  for  this  purpose. 

2.  Free  Overflow.  The  flow  over  low  concrete  monoliths  is  gener¬ 
ally  treated  as  flow  over  a  broad-crested  weir.  The  equation  for  free 
discharge  is: 


Q  =  Cf  (L  -  2  KH)  H3/2 

where  Cf  is  an  empirical  coefficient,  L  is  the  length  of  opening  trans¬ 
verse  to  the  flow,  H  is  the  head  on  the  weir,  and  K  is  an  end  contrac¬ 
tion  coefficient.  The  value  of  K  is  conventionally  taken  to  be  0,10  for 
square-end  contractions.  The  free-flow  coefficient  Cf  varies  with  the 
ratio  of  head  H  to  width  B  of  the  broad-crested  weir  in  the  direction 
of  flow.  HDC  7Ha  shows  the  variation  of  Cf  with  H/B  resulting  from 
investigations  summarized  by  Tracy, ^  Kindsvater2  has  recently  shown  the 
effect  of  boundary  layer  development  on  broad-crested-weir  discharge.  The 
rate  of  development  is  a  function  of  the  bottom  roughness .  However,  pres¬ 
ent  knowledge  of  this  effect  does  not  justify  considering  boundary  layer 
development  for  diversion  flow  computations.  The  curve  resulting  from  the 
classical  experiments  of  Bazin3  as  shown  by  the  solid  curve  in  HDC  711a  is 
recommended  for  general  design  purposes. 

3.  Submergence  Effect.  Discharge  coefficients  for  broad-crested 
weirs  are  not  usually  affected  until  the  depth  of  submergence  is  about  O.67 
or  more  of  the  head  on  the  weir.  The  phenomenon  is  commonly  expressed  in 
terms  of  the  ratio  of  the  coefficient  of  the  submerged  weir  to  that  of  the 
unsubmerged  weir  Cs/Cf.  as  a  function  of  the  ratio  of  the  tailwater  depth 
on  the  weir  to  the  head  on  the  weir  Hg/H^  .  Available  data  indicate  that 
sharp-crested-weir  coefficients  are  more  sensitive  to  submergence  than 
broad-crested-weir  coefficients. 

4.  Available  data  on  the  effects  of  submergence  on  discharge  coef¬ 
ficients  for  both  sharp-  and  broad-crested  weirs2 ’^’5,6  are  summarized  in 
HDC  711b.  As  far  as  is  known,  rectangular  broad-crested  weirs  have  not 
been  subjected  to  submergence  tests.  A  suggested  design  curve  for  sub¬ 
merged  low  monoliths  is  given  in  the  chart. 
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5.  Application.  The  suggested  design  curves  given  in  KDC  711  should' 
serve  as  guides  for  estimating  diversion  flows  over  low  monoliths.  In 
cases  where  the  head-discharge  relation  may  be  critical,  a  more  exact  rela¬ 
tion  should  be  obtained  by  hydraulic  model  investigation.  A  model  study  of' 
proposed  low-monolith  diversion  schemes  for  Allatoona  Dam?  was  made  because 
of  critical  diversion  requirements. 
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b.  SUBMERGED  FLOW 


NOTE-.  Cf  =  FREE-FLOW  COEFFICIENT 

Cj  *  SUBMERGED-FLOW  COEFFICIENT 
NEGLIGIBLE  VELOCITY  OF  APPROACH 
RAISED  NUMBERS  ON  SUBMERGED  FLOW 
CHART  ARE  REFERENCE  NUMBERS  FROM 
TEXT. 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  712-1 
STONE  STABILITY 
VELOCITY  VS  STONE  DIAMETER 

1.  Purpose.  Hydraulic  Design  Chart  712-1  can  be  used  as  a  guide 
for  the  selection  of  rock  sizes  for  riprap  for  channel  bottom  and  side 
slopes  downstream  from  stilling  basins  and  for  rock  sizes  for  river  clo¬ 
sures.  Recommended  stone  gradation  for  stilling  basin  riprap  is  given 
in  paragraph  6. 

2.  Background .  In  1885  Wilfred  Airy1  showed  that  the  capacity  of  a 
stream  to  move  material  along  its  bed  by  sliding  is  a  function  of  the  sixth 
power  of  the  velocity  of  the  water.1  Henry  Law  applied  this  concept  to  the 
overturning  of  a  cube,2  and  in  1896  Hooker2  illustrated  its  application  to 
spheres.  In  1932  and  1936  Isbash  published  coefficients  for  the  stability 
of  rounded  stones  dropped  in  flowing  water. The  design  curves  given  in 
Chart  712-1  have  been  computed  using  Airy's  law  and  the  experimental  coef¬ 
ficients  for  rounded  stones  published  by  Isbash. 

3.  Theory.  According  to  Isbash  the  basic  equation  for  the  movement 
of  stone  in  flowing  water  can  be  written  as: 

(D)1/2  (1) 


The  diameter  of  a  spherical  stone  in  terms  of  its  weight  W  is 


Substituting  for  D  in  equation  1  results  in 


V  =  C 


2g| 


f7  -  7  , 
s  w 


w 


where 


V  =  velocity,  fps 
C  =  a  coefficient 

g  =  acceleration  of  gravity,  ft/sec2 
7  =  specific  weight  of  stone,  lb/ft° 

S  o 

7^  =  specific  weight  of  water,  lb/x'v 


D  =  stone  diameter,  ft 
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V  =  C 


which  describes  Airy's  law  stated  in  paragraph  2. 

4.  Experimental  Results.  Experimental  data  on  stone  movement  in 
flowing  water  from  the  early  (1786)  work  of  DuBuat?  to  the  more  recent 
Bonneville  Hydraulic  Laboratory  tests6  have  been  shown  to  confirm  Airy's 
law  and  Isbash's  stability  coefficients.?  The  published  experimental  data 
are  generally  defined  in  terms  of  bottom  velocities.  However,  some  are  in 
terms  of  average  flow  velocities  and  some  are  not  specified.  The  Isbash 
coefficients  are  from  tests  with  essentially  no  boundary  layer  development 
and  the  average  flow  velocities  are  representative  of  the  velocity  against 
stone,  when  the  stone  movement  resulted  by  sliding,  a  coefficient  of  0.86 
was  obtained.  When  movement  was  effected  by  rolling  or  overturning,  a  co¬ 
efficient  of  1.20  resulted.  Extensive  U.  S.  Army  Engineer  Waterways  Ex¬ 
periment  Station  laboratory  testing  for  the  design  of  riprap  below  still¬ 
ing  basins  indicates  that  the  coefficient  of  0.86  should  be  used  with  the 
average  flow  velocity  over  the  end  sill  for  sizing  stilling  basin  riprap 
because  of  the  excessively  high  turbulence  level  in  the  flow.  For  impact- 
type  stilling  basins,  the  Bureau  of  Reclamation”  has  adopted  a  riprap  de¬ 
sign  curve  based  on  field  and  laboratory  experience  and  on  a  study  by 
Mavis  and  Laushey.9  The  Bureau  curve  specifies  rock  weighing  165  lb/ft 3 
and  is  very  close  to  the  Isbash  curve  for  similar  rock  using  a  stability 
coefficient  of  0.86. 

5.  Application.  The  curves  given  in  Chart  712-1  are  applicable 
to  specific  stone  weights  of  135  to  205  lb/ft3.  The  use  of  the  average 
flow  velocity  is  desirable  for  conservative  design.  The  solid-line  curves 
are  recommended  for  stilling  basin  riprap  design  and  other  high-level  tur¬ 
bulence  conditions.  The  dashed  line  curves  are  recommended  for  river  clo¬ 
sures  and  similar  low-level  turbulence  conditions.  Riprap  bank  and  bed 
protection  in  natural  and  artificial  flood-control  channels  should  be  de¬ 
signed  in  accordance  with  reference  10. 

6.  Stilling  Basin  Riprap. 

a.  Size.  The  W50  stone  weight  and  the  D50  stone  diameter 

for  establishing  riprap  size  for  stilling  basins  can  be  ob¬ 
tained  using  Chart  712-1  in  the  manner  indicated  by  the 
heavy  arrows  thereon.  The  effect  of  specific  weight  of  the 
rock  on  the  required  size  is  indicated  by  the  vertical 
spread  of  the  solid  line  curves. 

b.  Gradation.  The  following  size  criteria  should  serve  as 
guidelines  for  stilling  basin  riprap  gradation. 

(l)  The  lower  limit  of  W50  stone  should  not  be  less  than 
the  weight  of  stone  determined  using  the  appropriate 
"Stilling  Basins"  curve  in  Chart  712-1. 
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(2)  The  upper  limit  of  W50  stone  should  not  exceed  the 
weight  that  can  he  obtained  economically  from  the  quarry 
or  the  size  that  will  satisfy  layer  thickness  require¬ 
ments  as  specified  in  paragraph  6c. 

(3)  The  lower  limit  of  Wqoo  stone  should  not  be  less  than 
two  times  the  lower  limit  of  W50  stone. 

(4)  The  upper  limit  of  W100  stone  should  not  be  more  than 
five  times  the  lower  limit  of  W50  stone,  nor  exceed  the 
size  that  can  be  obtained  economically  from  the  quarry, 
nor  exceed  the  size  that  will  satisfy  layer  thickness 
requirements  as  specified  in  paragraph  6c. 

(5)  The  lower  limit  of  W15  stone  should  not  be  less  than  one- 
sixteenth  the  upper  limit  of  W100  stone. 

(6)  The  upper  limit  of  W15  stone  should  be  less  than  the  up¬ 
per  limit  of  W50  stone  as  required  to  satisfy  criteria 
for  graded  stone  filters  specified  in  EM  1110-2-1901. 

(7)  The  bulk  volume  of  stone  lighter  than  the  W15  stone 
should  not  exceed  the  volume  of  voids  in  the  revetment 
without  this  lighter  stone. 

(8)  Wo  to  W25  stone  may  be  used  instead  of  W15  stone  in  cri¬ 
teria  (5),  (6),  and  (7)  if  desirable  to  better  utilize 
available  stone  sizes. 

c.  Thickness .  The  thickness  of  the  riprap  protection  should  be 
2D50  max  or  1  •  5D]_oo  max  >  whichever  results  in  the  greater 
thickness . 

d.  Extent .  Riprap  protection  should  extend  downstream  to  where 
nonerosive  channel  velocities  are  established  and  should  be 
placed  sufficiently  high  on  the  adjacent  bank  to  provide  pro¬ 
tection  from  wave  wash  during  maximum  discharge.  The  re¬ 
quired  riprap  thickness  is  determined  by  substituting  values 
for  these  relations  in  equation  2. 
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HYDRAULIC  DESIGN  CRITERIA 
SHEETS  722-1  TO  722-3 
STORM  DRAIN  OUTLETS 
FIXED  ENERGY  DISSIPATORS 


1.  Purpose.  Storm  drains  frequently  terminate  in  unstable  channels 
and  gullies.  Under  these  conditions  dissipation  of  the  energy  of  the  out¬ 
flow  is  required  to  prevent  serious  erosion  and  potential  undermining  and 
subsequent  failure  of  the  storm  drains.  Adequate  energy  dissipation  can 
be  accomplished  by  extensive  riprap  protection^’2  or  by  construction  of 
specially  designed  fixed  energy  dissipators. 3  j*+>5>6 

2.  Hydraulic  Design  Charts  (HDC's)  722-1  to  -3  present  design 
criteria  for  three  types  of  laboratory  tested  energy  dissipators. 3  Each 
type  has  its  advantages  and  limitations.  Selection  of  the  optimum  type 
and  size  is  dependent  upon  local  tailwater  conditions,  maximum  expected 
discharge,  and  economic  considerations. 

3.  Stilling  Wells.  The  stilling  well  energy  dissipator  shown  in 
HDC  722-1  was  developed  at  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES).3  Energy  dissipation  in  this  stilling  well  is  relatively 
independent  of  tailwater  and  is  accomplished  by  flow  expansion  in  the 
well,  by  impact  of  the  fluid  on  the  base  and  wall  of  the  well,  and  by 
the  change  in  momentum  resulting  from  redirection  of  the  flow  to  verti¬ 
cally  upward.  WES  laboratory  tests3  indicated  that  the  structure  performs 
satisfactorily  for  flow-pipe  diameter  ratios  (Q/t>|‘5)  up  to  10  with  a 
well-pipe  diameter  ratio  of  5. 

4.  HDC  722-1  shows  the  relation  between  storm  drain  diameter,  well 
diameter,  and  discharge.  Designing  for  operation  beyond  the  limits  shown 
in  HDC  722-1  is  not  recommended.  Intermediate  ratios  of  stilling  well- 
drain  pipe  diameters  within  the  limits  shown  in  HDC  722-1  can  be  computed 
using  the  equation  given  in  this  chart. 

5.  Impact  Energy  Dissipators.  The  U.  S.  Bureau  of  Reclama¬ 
tion  (USBR)P  has  developed  an  impact  energy  dissipator  which  is  an  ef¬ 
fective  stilling  device  even  with  deficient  tailwater.  The  dimensions 
of  this  energy  dissipator  in  terms  of  its  width  are  shown  in  HDC  722-2. 
Energy  dissipation  in  the  basin  is  accomplished  by  the  impact  of  the 
entering  jet  on  the  vertically  hanging  baffle  ana  by  the  eddies  that 
are  formed  following  impact  on  the  baffle . 

6.  HDC  722-2  shows  the  relation  between  storm  drain  diameters, 
basin  width,  and  discharge.  WES  laboratory  tests3  showed  that  this 
structure  properly  designed  performs  satisfactorily  for  Q^)2*^  ratios 
up  to  21.  Intermediate  ratios  of  basin  widths  within  the  limits  shown 
in  HDC  722-2  can  be  computed  using  the  equation  given  in  this  chart. 
Design  for  operation  beyond  these  limits  is  not  recommended.  The  WES 
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tests  also  showed  that  optimum  energy  dissipation  for  the  design  flow 
occurs  with  the  tailwater  midway  up  the  hanging  baffle.  Excessive  tail- 
water  should  be  avoided  as  this  causes  flow  over  the  top  of  the  baffle. 

7.  Hydraulic  Jump  Energy  Dissipators.  The  St.  Anthony  Falls 
Hydraulic  Laboratory  (SAFHL)b  has  developed  the  hydraulic  jump  energy 
dissipator  shown  in  HOC  722-3.  Design  equations  for  dimensionalizing 
the  structure  in  terms  of  the  square  of  the  Froude  number  of  the  flow 
entering  the  dissipator  are  also  given  in  the  chart.  WES  laboratory 
tests3  showed  that  this  type  of  stilling  basin  performs  satisfactorily 
for  ratios  of  Q/Dq'5  up  to  9-5  with  a  basin  width  three  times  the 
storm  drain  diameter.  WES  tests  were  limited  to  basin  widths  of  1,  2, 
and  3  times  the  drain  diameter  with  drops  (drain  invert  to  stilling  basin) 
of  0.5  and  2  times  the  drain  diameter.  Parallel  stilling  basin  walls 
were  used  for  basin  width-drain  diameter  ratios  of  1  and  2.  The  tran¬ 
sition  wall  flare  was  continued  through  the  basin  for  W  =  3D0  .  Parallel 
basin  sidewalls  are  generally  recommended  for  best  performance.  Tran¬ 
sition  sidewall  flare  (l:D’)  during  the  WES  tests  was  fixed  at  1  on  8. 

The  invert  transition  to  the  stilling  basin  should  conform  to  the  geom¬ 
etry  of  the  trajectory  of  a  flow  not  less  than  1.25  times  the  drain 
outlet  portal  design  velocity. 

8.  HDC  722-3  shows  the  relation  between  storm  drain  diameter  and 
discharge  for  stilling  basin  widths  up  to  3  times  the  drain  diameter 
which  results  in  satisfactory  performance.  WES  tests  have  been  re¬ 
stricted  to  the  limits  shown  in  HDC  722-3,  and  the  equation  given  in  the 
chart  can  be  used  to  compute  intermediate  basin  width-drain  diameter 
ratios  within  those  limits.  General  WES  model  tests  of  outlet  works 
indicate  that  this  equation  also  applies  to  ratios  greater  than  the 
maximum  shown  in  the  chart.  However,  outlet  portal  velocities  exceeding 
60  fps  are  not  recommended  for  designs  containing  chute  blocks.  This 
chart  does  not  reflect  the  outlet  invert  transition  effects  on  basin 
performance.  The  design  of  the  basin  itself  (HDC  722-3)  is  dependent 
upon  the  depth  and  velocity  of  the  flow  as  it  enters  the  basin.  The 
values  should  be  computed  taking  into  account  the  drain  outlet  transi¬ 
tion  geometry. 

9-  Riprap  Protection.  Riprap  protection  in  the  immediate  vicinity 
of  the  energy  dissipator  is  recommended.  Preliminary,  unpublished  WES 
test  results3  on  riprap  protection  below  energy  dissipators  indicates 
the  following  average  diameter  (D^q)  stone  size  should  result  in  ade¬ 
quate  erosion  protection. 


=  D(v®) 


where 


D50  =  the  minimum  average  size  of  stone,  ft,  whereby  50  percent  by 
weight  of  the  graded  mixture  is  larger  than  D50  size 
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D  = , depth  of  flow  in  outlet  channel ,  ft 
V  =  average  velocity  in  outlet  channel,  ft 
g  =  gravitational  acceleration,  ft/sec2 
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BASIC  EQUATION 
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W  =  BASIN  WIDTH,  FT 
D0=  DRAIN  DIAMETER,  FT 
Q  =  DESIGN  DISCHARGE,  CFS 
V,  =  PIPE  VELOCITY,  FPS 
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where: 

W  =  END  SILL  LENGTH,  FT 
D0  =  ORAIN  DIAMETER,  FT 
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HYDRAULIC  DESIGN  CRITERIA 
SHEET  722-4  TO  722-7 
STORM  DRAIN  OUTLETS 
RIPRAP  ENERGY  DISSIPATORS 


1.  Purpose .  Criteria  for  the  hydraulic  design  of  fixed  energy 
dissipating  structures  for  storm  drain  outlets  are  presented  in  Hydrau¬ 
lic  Design  Charts  (HDC's)  722-1  to  722-3.  Under  some  conditions  adequate 
energy  dissipation  can  be  accomplished  more  economically  using  riprap  as 
an  alternate  to  fixed  structures.  HDC's  722-4  to  722-5  present  three 
basic  riprap  energy  dissipator  designs  developed  at  WES.1>2 

2.  Scour  Holes .  Scour  holes  at  storm  drain  exit  portals  effec¬ 
tively  dissipate  flow  energy  and  reduce  downstream  erosion.  However, 
uncontrolled  scour  holes  can  undermine  the  storm  drain  with  subsequent 
structural  failure.  Basic  laboratory  tests  were  conducted  at  WESl  during 
the  period  1963-1969  to  investigate  scour  hole  development  and  erosion 
protection  in  cohesionless  material  downstream  from  storm  drain  exit 
portals.  These  tests  showed  that  the  length,  width,  depth,  and  volume 

of  the  scour  hole  could  be  related  in  terms  of  the  storm  drain  diameter 
D0  in  feet,  the  discharge  Q,  in  cfs,  and  the  flow  duration  t  in 
minutes.  The  tailwater  depth  TW  in  feet  over  the  storm  drain  invert 
was  also  found  to  be  Important.  The  following  set  of  design  equations2 
describes  the  basic  scour  hole  dimensions  for  two  controlling  tailwater 
conditions. 


(1) 

(2) 

(3) 

w 
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a 


where 

Lsm  =  scour  hole  length,  ft 
Dsm  =  depth  of  maximum  scour,  ft 

Wsm  =  half  the  -width  of  the  hole  at  the  location  of  maximum  scour,  ft 
V3  =  volume  of  material  removed  from  scour  hole,  ft3 

Empirically  determined  values  of  C  in  the  equations  above  for  the  two 
controlling  tailwater  conditions  are: 


TW 

Equation  No. 

D 

0 

_1 _ 

2 

3 

4 

>0.5 

4.10 

0.74 

0.72 

0.62 

<0.5 

2.40 

0.80 

1.00 

0.73 

3-  HDC  722-4  shows  dimensionless  scour  hole  profiles  and  cross 
sections  for  the  two  limiting  tailwater  conditions. 

4.  Horizontal  Riprap  Blanket.  HDC  722-5  shows  the  recommended 
length  LSp  and  geometry  of  the  horizontal  riprap  blanket  protection 
required  for  satisfactory  dissipation  of  the  energy  of  the  design  out¬ 
flow  from  a  storm  drain.  (The  required  Dc-q  riprap  size  can  be  estimated 
using  HDC  722-7.) 

5.  Preformed  Scour  Holes ■  Laboratory  studies  have  shown  that 
satisfactory  energy  dissipation  of  storm  drain  outflow  occurs  in  riprap- 
lined,  preformed  scour  holes  of  nominal  size.  HDC  722-6  shows  the  rec¬ 
ommended  design  for  preformed  scour  holes  0.5  and  1.0Do  deep.  The  D50 
minimum  stone  size  required  for  each  scour  hole  depth  can  be  estimated 
using  HDC  722-7- 


5.  Application .  Study  of  the  basic  test  data  indicates  that  the 
resulting  design  criteria  are  generally  applicable  to  both  circular  and 
rectangular  conduits  flowing  full  or  partly  full.  For  rectangular  con¬ 
duits  the  conduit  width  is  used  in  place  of  the  diameter  D0  of  the 
circular  conduits. 
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DIMENSIONLESS  CROSS  SECTION  AT  0.4LSM 


TW  <  0.5Do 


NOTE  Ls  =  OISTANCE  FROM  OU1t-ET  TO  0„  FT 

L,u  =  DISTANCE  FROM  OUTLET  TO  END  OF  SCOUR,  FT 
Ws  -OISTANCE  (R  U)  FROM  t  TO  D»  AT  0  4L5U,FT 
W,U=DISTANCE  (RIL)  FROM  ?  .0  OOD,  AT  0  4LSU,  FT 
D0  =  DIAMETER  OR  WIDTH  OF  STORM  DRAIN,  FT 
TW  =  TAILWATER  DEPTH  ABOVE  DRAIN  INVERT,  FT 
D$  =  DEPTH  OF  SCOUR,  FT 
Osm~ MAXIMUM  SCOUR  DEPTH,  FT 


STORM  DRAIN  OUTLETS 

SCOUR  HOLE  GEOMETRY 
TW  >  0.5D0  AND  <  0.5  D0 

HYDRAULIC  DESIGN  CHART  722-4 

WES  7-73 


><7C — »-l  111  U —  |  |  /I  DOO 


Q 


Z 

< 

_1 

CL 


l- 

u. 


s 

ts 

IS 


bl 

o 

z 


0) 

h- 


3 

O 

z 

< 

oc 

o 


0C 

O 

H 

(/> 


Z 

o 


d 

-  <zo 
tn<£ 
<n  _j  Q- 

O  CD  jjj 

1^1 
U7 
ZQU. 
J  UNO 

<ojE 

g;I| 

S  Li 
_l 


z  t 

*  *-* 

5  w 

iel 

6 
?U 

9  «  z 
}Su 
a.  lJ 
°<< 
Ul  o  z 

H-5 

a  Ic* 

o  w  I 


O  M 

Q0J 


HYDRAULIC  DESIGN  CHART  722-! 


NOTE:  Dq  =  DIAMETER  OR  WIDTH  OF 
STORM  DRAIN,  FT 


STORM  DRAIN  OUTLETS 

RIPRAP  ENERGY  DISSAPATORS 
PREFORMED  SCOUR  HOLE  GEOMETRY 
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BASIC  EQUATION 

_  .  "/  \  4/3 

°50  _  -  Pq  [  Q  A 
D0  "  TW  \Do5/V 
WHERE 

0»e=  MINIMUM  AVERAGE  SIZE  OF  STONE,  FT 
0o  =  DIAMETER  OR  WIDTH  OF  STORM  DRAIN,  FT 
Q  =  STORM  DRAIN  DISCHARGE,  CFS 
TW=  TAILWATER  DEPTH  ABOVE  DRAIN  INVERT,  FT 
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STORM  DRAIN  OUTLETS 

RIPRAP  ENERGY  DISSAPATORS 
D50  STONE  SIZE 

HYDRAULIC  DESIGN  CHART  722-7 
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HYDRAULIC  DESIGN  CRITERIA 


SHEET  733-1 
SURGE  TANKS 
THIN  PLATE  ORIFICES 
HEAD  LOSSES 


1.  Thin  plate  orifices  are  often  used  in  surge  tank  risers  to  re¬ 
strict  the  flow  during  load-on  and  load-off  operations.  Computation  of  the 
head  losses  through  these  orifices  is  of  interest  in  the  design  of  surge 
tanks . 


2.  A  number  of  experiments  have  been  made  on  head  losses  through  or¬ 
ifices  in  straight  pipe.  When  an  orifice  is  placed  in  a  surge  tank  riser 
close  to  the  penstock  tee,  the  energy  loss  of  flow  entering  or  leaving  the 
riser  is  affected  by  the  orifice  flow.  Indri's(2)  extensive  study  of  ori¬ 
fices  in  branches  has  made  available  new  data  on  head  loss  coefficients 
considered  to  be  applicable  to  surge  tank  problems.  The  pipe  used  in  this 
study  was  9  cm  (3*54  in. )  in  diameter.  The  orifice  plates  were  located  in 
the  branches  125  mm  (4.92  in.)  from  the  center  line  of  the  main  pipe.  The 
test  results  indicate  that  the  combined  tee  and  orifice  loss  coefficients 
were  independent  of  Reynolds  number  for  Re  >  3  x  10^  . 

3-  HDC  733-1  presents  a  head  loss  coefficient  curve  for  thin  plate 
orifices  in  tees.  The  head  loss  coefficient  is  based  on  the  combined  tee 
and  orifice  head  loss.  Indri's  data  shown  in  this  chart  indicate  that  a 
8 ingle  curve  is  applicable  to  load  on-load  off  turbine  conditions.  Also 
shown  in  this  chtirt  are  head  loss  coefficient  curves  by  Weisbach(3)  and 
Marchetti(l)  for  thin  plate  orifices  in  straight  pipe.  These  curves  indi¬ 
cate  that  the  location  of  the  orifice  with  respect  to  other  disturbances 
affects  the  head  loss. 


4.  The  data  in  HDC  733-1  are  based  on  the  equation: 


H 


L 


where 

Hjj  =  head  loss  across  the  orifice  or  orifice  and  tee,  ft 
Kq  =  head  loss  coefficient 
V  =  velocity  in  riser,  ft  per  sec 

The  head  loss  coefficient  is  plotted  as  a  function  of  the  ratio  of  the 
square  of  the  riser  diameter  D  to  the  square  of  the  orifice  diameter  d  . 
A  sketch  of  an  orifice  in  a  straight  pipe  is  included  in  the  chart  for  pur¬ 
poses  of  defining  the  terms  involved. 
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EQUATION 

V2 

hL*kO  2^ 

WHERE 

hl -head  loss  across  orifice,  ft  SURGE  TANKS 

Ko'HEAO  loss  coefficient 

v  .velocity  in  pipe,  ft  per  sec  THIN  PLATE  ORIFICES 

HEAD  LOSSES 
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